Microalgae: An alternative source of biodiesel for the compression ignition (CI) engine by Islam, Muhammad Aminul
 Microalgae: an alternative source of biodiesel 
for the compression ignition (CI) engine 
 
 
Muhammad Aminul Islam 
 
 
A thesis submitted in fulfilment of the requirements for the Degree of  
Doctor of Philosophy (PhD) 
 
At the 
 
Queensland University of Technology 
School of Chemistry, Physics and Mechanical Engineering 
Science and Engineering Faculty 
2014 
 
 
 
 
 
 
 
 
 
 
 
{This page is intentionally left blank} 
 
 
 
 
 
 
 
 
 
 
 
 
i 
 
Statement of original authorship 
 
The work contained in this thesis has not been previously submitted for a 
degree or diploma at any other education institution.	 To the best of my 
knowledge and belief, this thesis contains no material previously published or 
written by another person except where due reference is made. 
 
 
Signed: QUT Verified Signature 
Date: December 2014 
 
 
 
 
 
 
 
 
 
 
ii 
 
 
 
 
 
 
{This page is intentionally left blank} 
 
 
 
 
 
 
 
 
 
 
 
 
iii 
 
Abstract 
Interest in finding renewable energy sources is increasing as pollution 
continues to rise. Regulating authorities around the globe are taking more 
sustainable approaches to energy than just the use of fossil fuels, with biofuel 
leading the research as one of the most promising contributors. Microalgae 
biodiesel is a carbon-neutral biodiesel source that could potentially replace 
depleting fossil fuels. There is however, a lack of knowledge on the technology 
for biodiesel production from microalgae and the effect of this type of 
biodiesel on combustion in modern compression ignition engines. 
 
Primarily, this thesis reports the investigation of the fatty acid profile of several 
microalgae species and their fuel properties, with a focus on suitable species 
for biodiesel production. Species selection is an important element in the 
downstream process of microalgae biodiesel production. Consideration of the 
growth rate, oil yield, fatty acid composition, cell structure and geographical 
location of each species can be varied and differences need to be 
accommodated. A secure, reliable and efficient model for the selection process 
needs to be selected to analyse commercially viable microalgae species. The 
PROMETHEE-GAIA is a multi-criteria analyser that is currently a potential 
model for this selection process and is suitable for assessing biodiesel 
production and fuel properties. 
 
In the downstream process of biodiesel production from microalgae, an 
optimal oil extraction process is necessary to reduce the production cost. There 
are many lab-scale oil extraction processes from microalgae already 
established in the literature, however, large-scale oil extraction is not yet 
established and supported with proper experimental evidence. Solvent 
extraction is one of the most common extraction methods according to recent 
research, although there are other potential methods that exist at lab-scale, such 
as supercritical fluid extraction, accelerated solvent extraction (ASE) at high 
pressure. The supercritical solvent extraction appears highly efficient and less 
 
 
iv 
 
toxic than other methods as it does not use any organic solvent. Sophisticated 
technology and high capital costs are the main hurdles for large-scale 
extraction by supercritical fluid extraction methods, although the ASE method 
reduces the extraction time at elevated temperature and pressure so the solvent 
can be recovered and reused. This extraction method can manipulate fatty acid 
composition and fuel properties with different extraction temperatures and 
sample dryness, which enhances the possibilities for wider use. 
 
The fuel properties of microalgae methyl ester are highly influenced by its 
fatty acid composition. Therefore, it has to be in a suitable composition to 
ensure the biodiesel quality complies with international standards must be 
determined. The physiochemical properties of microalgae methyl ester and its 
fatty acid composition are investigated in this study. It was found that the 
polyunsaturated fatty acids have a negative impact on the cetane number and 
positive effects on iodine value. It was observed that the kinematic viscosity 
was negatively influenced by some long chain, polyunsaturated fatty acids, 
C20:4, C20:5 and C22:6, along with some of the most common saturated fatty 
acids, C14:0 and C16:0. The average chain length has a positive impact on 
higher heating value, where as C18:3 was found most unfavourable for cold 
filter plugging point and oxidation stability. The overall influence of fatty acid 
composition of individual fatty acids on fuel property is shown using Multi-
Criteria Decision Analysis (MCDA) software PROMETHEE (Preference 
Ranking Organisation Method for Enrichment Evaluation), and is presented in 
the GAIA (Graphical Analysis for Interactive Assistance) plan. 
 
This thesis advances knowledge in the field of microalgae biodiesel research. 
The work has developed a methodology for screening microalgae species and 
for ensuring that the biomass is suitable for biodiesel production. A multiple 
extraction methods analysis contributes to the development of sustainable 
large-scale oil extraction. The study of fuel properties and fatty acid 
composition enhances our understanding about microalgae biodiesel and its 
potential to supplement global biodiesel demand. Blends of 10% and 20% 
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microalgae biodiesel with petroleum diesel, can achieve nearly the same power 
and brake specific fuel consumption as pure petroleum diesel. However, 50% 
blends are found to reduce the power output, increase NOx emission and 
increase brake specific fuel consumption. This experimental investigation of 
microalgae biodiesel in a compression ignition engine demonstrates its 
suitability for this purpose. 
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Chapter  1.   Introduction 
 
1.1. Background and Motivation 
Global energy demand is increasing with increasing population and industrialisation, 
which mostly rely on fossil fuel. Fossil fuels are already recognised as an 
unsustainable energy source because of their associated greenhouse gas emissions 
and depleting supplies, therefore it is becoming increasingly urgent to find 
alternative sources of fuel that can mitigate greenhouse emissions. The transport 
sector, for example, is responsible for around 16% of the increasing share of global 
greenhouse gas emissions affecting the current climate (Gouveia and Oliveira 
2009).One of the best options in achieving this would be using renewable biofuel 
with a lower carbon footprint, as well as producing more fuel-efficient vehicles.  
 
Biodiesel sourced from food crops such as rapeseed, soybean, sugar cane, palm oil 
and animal fat are known as first generation biofuels. These fuels are significantly 
limited, due to the availability of fresh water and arable land. A significant drawback 
of growing biofuel feedstock on arable farmland is that it competes with food crops 
grown for global consumption, thus increasing the price of food-grade oil. This 
competition creates food security issues, which can increase the cost of producing 
biodiesel. Second generation biodiesel produced from non-edible plant and woody 
materials can alleviate the food security issue but production of this is limited to arable 
land use. 
 
On the other hand, third generation biofuels are sourced from non-edible and non-
agricultural crops such as microalgae, which can grow in fresh or saline water and 
on non-arable land.  The unicellular organism microalgae with large surface-to-
volume body ratio, simple cellular structure and suspension in the aqueous medium, 
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allows immediate access to CO2, water and inorganic elements, which results in an 
increased efficiency of photosynthesis over that of terrestrial plants (Sheehan et al. 
1998; Darzins et al. 2010; Demirbas and Demirbas 2010). Microalgae have gained 
significant attention as a biodiesel feedstock for several reasons including:  
 Accumulation of larger amounts of lipids due to higher photosynthesis 
efficiency  
 Rapid growth rates resulting in microalgae biomass doubling within 24 hours  
 Absence of competition with food crops for land.  
However, the technology required to generate biodiesel from microalgae is still in its 
early stages of development. While there is a considerable amount of literature on 
the growth of algae, there is significantly less on the different methods used to 
harvest microalgae, and perform large-scale oil extraction and biodiesel conversion; 
further, such literature is extremely limited on engine tests. 
  
It is estimated that around 30 000 to 50 000 species have been identified but the total 
number is still unknown (Borowitzka and Moheimani 2013). Details of lipid content in 
different microalgae species is given in Table 2.1. The process of large-scale biodiesel 
production from a selection of microalgae species is crucial and needs to consider their 
growth rate, lipid content, lipid compositions and growth environment. Harvesting, 
drying and oil extraction are responsible for 50% of the total production cost, therefore 
this process needs to be addressed before considering large-scale microalgae biodiesel 
production. 
 
Literature is already reporting a significant amount of work on laboratory-scale oil 
extraction from microalgae, such as mechanical disruption, solvent extraction, 
supercritical fluid extraction and ultrasonic extraction. However, the insufficient 
literature on large-scale oil extraction and biodiesel conversion of microalgae 
biodiesel raises questions about the economic viability of biodiesel production.  
   
Finally, the proper exploration of microalgae biodiesel fuel properties and their 
effect on engine performance and emissions should be researched extensively to 
establish microalgae biodiesel as an alternative proposition. Investigations on the 
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influence of fatty acids on fuel properties are also needed to form an understanding 
of the fuel performance on the engine. Using the multi-criteria decision analysis 
(MCDA) software, PROMETHEE-GAIA, the relation of fatty acids to the 
physiochemical property of biodiesel could be identified. 
1.2. Hypothesis 
It is hypothesised that the high content of eicosapentaenoic acid (EPA, C20: 5n-3; 
five double bonds) and docosahexaenoic acid (DHA, C22: 6n-3; six double bonds) 
within microalgae, in comparison to other biodiesel feedstock, will increase the 
density, kinematic viscosity and iodine value, as well as reduce the cetane number of 
microalgae biodiesel. The engine performance with microalgae biodiesel may 
slightly decrease, but it will reduce the gaseous emissions in comparison to 
petroleum diesel. It is also hypothesised that commercial production of microalgae 
biodiesel is possible through proper optimisation of the extraction and overall 
downstream process. Furthermore, it is also hypothesised that carrying out 
experiments published in the literature will not be sufficient to fill the gap and 
alleviate inconsistencies. The focus of this study was to evaluate a complete 
downstream process of biodiesel production experimentally, in order to analyse fuel 
properties and to validate engine performance and emission tests. 
1.3. Research objectives 
The current research on microalgae biodiesel for compression ignition (CI) engines, 
seeks to determine if microalgae biodiesel production can be achieved on a large-
scale and if it is suitable for CI engines. It was identified that there is a significant 
lack of large-scale biodiesel production from microalgae, while engine performance 
could not be verified due to both a lack of research and inconsistencies in what is 
already published. The aim of this study is to assess the oil extraction process from 
microalgae and develop pilot scale biodiesel production, as well as create a better 
understanding of the fuel properties and their performance in CI engines. Pilot scale 
oil extraction from microalgae was carried out and converted to biodiesel by 
transesterification to support the engine performance test. A full-scale engine 
performance and emission test was carried out to evaluate microalgae biodiesel. 
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The scientific objectives of this research on microalgae biodiesel are as follows: 
 Select suitable species for biodiesel production 
 Optimise the oil extraction process to develop pilot scale extraction protocol 
 Develop a model to investigate the physiochemical property of microalgae 
biodiesel 
 Investigate engine performance and emissions from microalgae biodiesel 
compared to other biodiesel and petroleum diesel 
 
1.4. Research questions 
The following research questions are addressed in this thesis. 
 
This question demands an investigation that is aimed at identifying the main 
influential parameters on fuel properties for different species. Many researchers have 
answered this in relation to other biofuels from different feedstock. Microalgae 
contain more long chain, unsaturated fatty acids, such as C22:6 DHA and C20:5 
EPA. Therefore, an explicit investigation with a fatty acid profile of different 
microalgae needs to be addressed to simplify the selection process. This leads us to 
the next research question: 
 
There are many oil extraction processes already explained in the literature that are 
mainly lab-scale. However, large-scale oil extraction from microalgae has not yet 
been validated. The influence of extraction parameters (extraction solvent, sample 
moisture content, extraction temperature and pressure, extraction time) on a large-
scale needs to be identified and evaluated for commercial biodiesel production. 
Therefore, another key research question can be proposed as follows: 
Q2. What is the best way to extract oil on a commercial-scale and what is the effect 
of the extraction conditions on the fatty acid profile and the fuel properties? 
Q1. What is the appropriate approach to select microalgae species for biodiesel 
production? 
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The research and models outlined in the limited experimental studies have partially 
answered this question. A proper model however, with all standard experimental 
results, is not yet available for microalgae biodiesel. More specifically one of the 
most important fuel properties, the cetane number, was not tested in a real cetane-
testing engine to validate and determine the exact weight of the microalgae fatty acid 
profile. Many of the researchers have suggested the cetane number through an 
estimation process from the fatty acid profile based on vegetable oil, but not with 
real microalgae biodiesel, which contains a different fatty acid composition in 
comparison to other vegetable oils. 
 
Finally, the least addressed question in the literature is how microalgae biodiesel 
performs in a regular diesel engine. Only seven examples of literature found (Table 
2.5) show an experimental study that has been conducted in regular diesel engines 
with microalgae biodiesel, due to the limited quantity of this fuel. This causes a 
major challenge in microalgae biodiesel research to answer, in detail, any questions 
regarding the experimental investigation and emission levels. 
1.5. Research approach 
The experimental research will be a comparative study of the microalgae biodiesel 
properties and engine performance in comparison to other biodiesel fuels and 
petroleum diesel. Results from the previous study will be taken as the reference, and 
new results will be compared. The approach is as follows: 
 Screen microalgae species based on their lipid content, growth rate, fuel 
properties and suitability for biodiesel conversion 
 Analyse different extraction methods and optimise the extraction parameters 
to develop a pilot scale extraction protocol 
Q4. How does microalgae biodiesel perform in a regular diesel engine and what 
is the emission level? 
Q3. What is the suitable way to identify the fatty acid influence on fuel properties 
so as to reduce time and cost? 
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 Analyse the fatty acid profile and investigate the effects of fatty acid 
composition on fuel properties using PROMETHEE-GAIA software 
 Perform engine tests to investigate the performance and emission levels with 
microalgae biodiesel 
 
The objective of this research is only achievable when enough algal oil can be 
extracted and processed into biodiesel for the engine test. Engine performance and 
emission tests are only possible when all other steps in microalgae species selection 
have been performed, a pilot scale oil extraction method has been proposed, and the 
fuel property analysed successfully. The details of this research are shown in  
Figure 1.1: 
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Figure 1.1: Conceptual flow chart of research approach 
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1.6. Organisation of the thesis 
The thesis is prepared in the form of a thesis by publication with the development of 
the research concepts as shown in Figure 1.1. The remaining six chapters contain the 
relevant papers and are organised as follows: 
Chapter 2 begins by introducing the concept of biofuels and microalgae biodiesel. A 
literature review based on microalgae characterisation, oil extraction, fuel property 
analysis and engine performance is presented. The lack of systematic large-scale 
biodiesel production from microalgae, and the lack of literature about engine 
performance with microalgae biodiesel are shown. Finally, the irregularities in 
emission output from the biodiesel engine test are presented. A final approach using 
the multi-criteria decision analysis software PROMETHEE-GAIA is introduced to 
investigate the fuel property and fatty acid profile. 
 
Chapter 3 focuses on the microalgae species selection. The fatty acid profiles of 
nine different fresh water microalgae species were investigated and compared with 
12 more species from the literature, to find the most suitable species for biodiesel 
production in a subtropical climate. Fuel properties were estimated from the fatty 
acid profile using a method found in the literature. A novel approach of selection 
using PROMETHEE-GAIA is presented. A sensitivity analysis of the selecting 
parameters with different weighting is a unique approach for microalgae selection 
for biodiesel production. Depending on the location and marketplace, this model can 
be manipulated for finding the suitable microalgae species for biodiesel production. 
The work presented in this chapter has been supported with examples, explanations 
and comparative studies. 
 
Chapter 4 deals with the oil extraction process from microalgae. The importance of 
an optimised extraction process on a large-scale is described in Chapter 2. There is 
no such large-scale oil extraction process for microalgae currently. In this chapter, a 
high-pressure extraction system known as the Accelerated Solvent Extraction (ASE) 
method is investigated at different temperatures, with different moisture contents in 
the sample, to find the most effective combination of extraction parameters for 
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biodiesel production. This extraction analysis also provides a summary of the 
influence of the extraction parameters in relation to individual fatty acids. This could 
be valuable information for other industries, like the pharmaceutical and biomass 
industries. 
Chapter 5 outlines the influence of the fatty acid profile on the physiochemical 
properties of biodiesel. Microalgae biodiesel and seven other biodiesel fuel 
properties were investigated and the influence of the fatty acid profile in relation to 
their fuel properties was presented by PROMETHEE-GAIA. Extensive literature 
review shows the influence of the fatty acid profile on the fuel properties as 
described in Chapter 2 and indicates that most are estimated. In this chapter, the 
influences of individual fatty acids are determined based on the estimated and 
measured values. The influence of the overall degree of unsaturation and average 
chain length in relation to the fuel properties is also presented in detail, with both 
estimated and measured values. 
 
Chapter 6 focuses on engine performance and emission tests of microalgae 
biodiesel. This chapter provides a detailed analysis of microalgae biodiesel fatty acid 
composition and fuel properties, in comparison to other biodiesel fuels and 
petroleum diesel. The performance of microalgae biodiesel in different blends is 
compared with petroleum diesel and waste cook biodiesel. The gaseous emissions of 
all microalgae biodiesel blends are also compared with petroleum diesel and waste 
cook biodiesel. This chapter provides unique information on microalgae biodiesel 
engine performance. In Chapter 2, it was found that there are an extremely limited 
number of engine tests performed with microalgae biodiesel. Therefore, this chapter 
will provide great value in the field of biodiesel research. 
 
Chapter 7 concludes the thesis with a summary of the original contributions and 
proposes possible directions for future research. 
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Chapter  2.   Microalgae biodiesel 
research 
 
Microalgae biodiesel research 
 
2.1. Introduction 
With worldwide concerns over both petroleum prices and climate change, 
researchers around the world have been dedicated to finding renewable energy 
sources. Currently fossil fuels provide a large proportion of the global energy 
demand. Biofuels, such as biodiesel and ethanol, are therefore being developed as 
alternative fuels. Biodiesel from vegetable oils and animal fats  only make up 
approximately 0.3% of the current demand for transport fuels (Demirbas and 
Demirbas 2010).  
 
Biodiesel can be produced from renewable sources  such as vegetable oils, animal 
fats and recycled cooking oils (Zagonel et al. 2004). However, these traditional 
biomass feedstocks are in high demand as food sources or for other use. This 
increases their price and challenges their potential as a large-scale fuel resource. 
 
In contrast, biodiesel from microalgae is recognised as one of the most promising 
resources for fuel production. Microalgae may also be  the only renewable source of 
fuel that could meet the world’s transport fuel needs (Chisti 2007). Microalgae have 
four significant potential benefits as fuel feedstock. Firstly, microalgae biomass 
productivity and oil yield is very high, compared to other oil based feedstock. 
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Secondly, microalgae oil does not compete with  food production. Thirdly, algae can 
be cultivated on non-arable and marginal land, in fresh water or seawater. Fourthly, 
innovation in microalgae production, may allow both biodiesel and higher value co-
products to be produced (Demirbas and Demirbas 2010).  
 
The technology required to generate biodiesel from microalgae at large-scale is still 
in its early stages of development. There are considerable amounts of research on the 
growth of microalgae, but a significantly lower number of research studies for 
harvesting, large-scale oil extraction and how to create biodiesel from microalgae 
biomass. In this chapter, the current developments and limitations will be explained, 
using the available literature on microalgae biodiesel. 
2.2. Biodiesel 
“Biodiesel is a mono-alkyl ester of long chain fatty acids, derived from vegetable 
oils or animal fats” (Fernando et al. 2007; Ganapathy et al. 2011). Conventional 
diesel engines can be fuelled with biodiesel, either in pure form or blended in 
different ratios with regular petroleum diesel, without significant modification (Ng 
et al. 2011). Typically, biodiesel contains little or no sulfur, and the cetane number, 
flash point, viscosity and density are higher than petroleum diesel (Wahlen et al. 
2011). The oxygen content and low sulfur content in biodiesel provide sustainability 
benefits compared to  conventional automotive fuels (Jayed et al. 2009).  
2.2.1. Classification of biofuel  
Biofuels can be classified as first generation biofuel (FGB), second generation 
biofuel (SGB) and third generation biofuel (TGB) based on their feedstock or 
production technologies. First generation biofuels are mainly sourced from food 
crops such as sugar cane, corn, starch and vegetable oils and animal fats.  The 
production of FGBs are limited in their ability to achieve sustainability targets for 
petroleum diesel substitution, environmental benefit and economic growth, because 
of competition with their alternative uses as food products. 
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Second-generation biofuels are generally classified as being from non-edible 
feedstock, such as wheat straw, wood and solid waste. The second-generation 
biofuels can avoid many of the problems faced by the first generation by producing 
biofuel from agricultural and forest residues instead of food stocks. However, lack of 
available source materials in many countries may limit the potential for large-scale 
petroleum replacement.  
 
Fuels from non-edible and non-agricultural sources make up the third generation 
biofuels, with microalgae considered to be  one of the  best options for biodiesel 
production because of its high oil yield and ability to grow on non-arable land  
(Demirbas 2009). It has been estimated that microalgae biodiesel production could, 
potentially, entirely replace petroleum diesel (Chisti 2007). 
2.2.2. Significance of biodiesel research 
The transport sector is one of the major sources of  greenhouse gas (GHG) emissions 
and also produces many other air contaminants like NOx, SOx, particulate matter 
(PM) and volatile organic compounds (Hossain and Davies 2012). Long term 
sustainable reduction in GHG emissions can be achieved by replacing petroleum 
diesel in internal combustion engines with renewable biofuels (Hossain and Davies 
2012). Biodiesel is one such alternative fuel obtained by transesterification of 
triglycerides (Hossain et al. 2008). Proper energy management and careful 
development could result in a large  contribution to global primary energy supply by 
(Spitzer and Tustin 2009): 
1. Reducing greenhouse gas emissions 
2. Improving energy security by producing domestic biomass 
3. Providing economic and social development in rural communities 
4. Reducing waste disposal by using waste and residues for biodiesel production 
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2.3.  Microalgae 
Typically, unicellular autotrophic microalgae can be grown in freshwater, brackish, 
marine and hyper-saline water, in a range of temperatures (Belarbi et al. 2000; Wang 
et al. 2008). The size of microalgae, depending on the species, can vary from 1 to 
100 micrometers (µm) (Ajav et al. 1999; He et al. 2003). Microalgae do not have 
roots, stems and leaves like higher plants (Xue et al. 2011). A typical green 
microalgae is shown schematically in Figure 2.1. 
 
Figure 2.1: A schematics of a typical green microalgae cell  (Beer et al. 2009) 
It is estimated that around 30,000 to 40,000 microalgae species have been identified 
and classified in groups (Mata et al. 2010; Demirbas and Fatih Demirbas 2011; 
Borowitzka and Moheimani 2013) such as cyanobacteria (Cyanophyceae), green 
algae (Chlorophyceae), diatoms (Bacillariophyceae), yellow-green algae 
(Xanthophyceae), golden algae (Chrysophyceae), red algae (Rhodophyceae), brown 
algae (Phaeophyceae), dinoflagellates (Dinophyceae) and ‘pico-
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plankton’(Prasinophyceae and Eustigmatophyceae) (Sheehan et al. 1998; Hu et al. 
2008). However, the actual quantity of species throughout the earth's ecosystem is 
unknown (Borowitzka and Moheimani 2013). 
 
Only green microalgae is considered for this research, so further reference  to 
microalgae refers to green microalgae only. This type can be found anywhere that 
has water and sunlight, including soil, ice, lakes, rivers, hot springs and the ocean. 
Microalgae captures carbon dioxide (CO2) from its  surroundings and in the presence 
of sunlight  is able to convert it through cellular activities to carbohydrates, proteins, 
lipids, vitamins and pigments (Ajav et al. 1998; Belarbi et al. 2000; Amin 2009).  
2.3.1.  Classification of lipids 
Microalgae lipids are mainly classified into two categories, storage lipids (non-polar 
lipids) and structural lipids (polar lipids) (Pohl and Zurheide 1979; Guckert and 
Cooksey 1990; Wada and Murata 2004; Cravotto et al. 2008; Hu et al. 2008). 
Storage lipids are mainly in the form of triacyl-glycerol (TAG) (Figure 2.1) and 
consist of saturated and unsaturated fatty acids, which can be transesterified to 
produce biodiesel (Markley and Markley 1964; Patil et al. 2008; Milledge and 
Heaven 2013). Structural lipids consist mainly of glycosyl glycerides, enriched in 
the chloroplast membrane that makes up about 5-20% of their dry biomass. There 
are also significant amounts of phosphor glycerides, phosphatidyl ethanolamine (PE) 
and phosphatidyl glycerol (PG) present as polar lipids (Hu et al. 2008; An et al. 
2012). 
 
A large amount of TAGs could potentially be a source of metabolic energy through 
catabolism (Brennan and Owende 2010). In general, TAGs are mostly synthesised in 
the light, stored in cytosolic lipid bodies and then reutilised for polar lipid synthesis 
in the dark (Brennan and Owende 2010). Microalgal TAGs are generally a storage of 
both saturated and monounsaturated FAs. Some oil-rich species have the capacity to 
build up high levels of long chain, polyunsaturated fatty acids (PUFA) as TAG 
(Alessandro Schönborn a 2009). PUFA-rich TAG may donate specific acyl groups 
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to monogalactosyldiacylglycerol (MGDG) and other polar lipids to enable rapid 
adaptive membrane reorganisation (Alessandro Schönborn a 2009). 
 
Polar lipids from microalgae are stored as membrane components and metabolites 
and can also be used to produce biodiesel. Polar lipids can also be a source of energy 
under some conditions (Knothe 2008). Recently, microalgae has received 
considerable attention from researchers and commercial companies as an alternative 
non-food biodiesel feedstock, because of its high productivity and oil rich 
characteristics (Deng et al. 2009). 
 
Table 2.1 lists 42 different species of microalgae with their lipid contents reported in the 
literature (Chisti 2007; Um and Kim 2009; Mata et al. 2010; Demirbas and Fatih 
Demirbas 2011). Lipid levels range from 5% of dry weight biomass (DWB) in Chlorella 
vulgaris to 77% of DWB in Schizochytrium sp. Oil content  is commonly between 20% 
and 50% although some microalgae species have been reported to contain levels above 
70% of the total dry weight (DWB). 
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Table 2.1: Lipid content of some common microalgae species (Chisti 2007; Um and 
Kim 2009; Mata et al. 2010; Demirbas and Fatih Demirbas 2011) 
Microalgae Species Lipid Content 
(% DWB) 
Microalgae Species Lipid Content 
(% DWB) 
Ankistrodesmus sp. 24–31 Nannochloris sp. 20–56
Botryococcus braunii 25–75 Nannochloropsis oculata*. 22–29
Chaetoceros muelleri 33 Nannochloropsis sp.  12–53
Chlamydomonas reinhardtii 21 Neochloris oleoabundans  29–65
Chlorella emersonii 25–63 Pyrrosia laevis 69.1
Chlorella minutissima 57 Pavlova salina 30
Chlorella protothecoides 14–57 Prostanthera incisa  62
Chlorella sorokiniana 19–22 Prymnesium parvum  22-39
Chlorella sp. 10–48 Pavlova salina 30
Chlorella vulgaris 5–58 Prostanthera incisa  62
Crypthecodinium cohnii  20–51 Prymnesium parvum  22-39
Dunaliella salina  6–25 Pavlova lutheri 35
Dunaliella primolecta  23 Phaeodactylum 18–57
Dunaliella tertiolecta 16–71 Scenedesmus obliquus  11–55
Dunaliella sp.  17–67 Skeletonema costatum  13–51
Euglena gracilis 14-20 Scenedesmus dimorphus* 16-40
Ellipsoidion sp.  27 Schizochytrium sp. 50-77
Haematococcus pluvialis 25 Thalassiosira pseudonana  20
Isochrysis sp. 7–33 Isochrysis galbana 7–40
Monodus subterraneus 16 Zitzschia sp. 45-47
Monallanthus salina  20–22 Ankistrodesmus falcatus 16-17
*Used in current study 
2.3.2. Potential of biodiesel production from microalgae 
Since the 1950s, microalgae has been cultivated commercially for many different 
products like proteins, cattle feed and pharmaceuticals. Throughout the 1980s, the 
US Department of Energy (DOE) and the Solar Energy Research Institute (SERI) 
initiated the Aquatic Species Program and refined its investigation exclusively to 
analyse microalgae. The goal was to develop biofuels from microalgae at prices 
competitive to that of  fossil fuels (Sheehan et al. 1998; Chisti 2010).  
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As previously stated, microalgal oils are classified as a third-generation biofuel 
(Demirbas and Demirbas 2010). As the availability of freshwater and land should be 
prioritised for food crops, the growth of first-generation biofuel feedstock, such as 
rapeseed, soybean, sugar cane and palm oil as well as animal fats, are significantly 
limited. This competition creates food security issues, which can increase the cost of 
producing biodiesel.  
 
To offset dependence on fossil fuels, the low economic and environmental 
sustainability issues of first and second-generation biofuels must be resolved. 
Deforestation caused by cultivating arable land results in adverse environmental 
effects and is a primary factor contributing to unsustainable biomass production in 
the same country. An alternative approach is to use microalgae as a source of biofuel 
because of its environmental, economic and social benefits (Chisti 2007; Borowitzka 
and Moheimani 2013). Microalgae has gained significant attention as a biodiesel 
feedstock for several reasons including: 
 Accumulation of larger amounts of lipids due to higher photosynthesis 
efficiency (He et al. 2003) 
 Rapid growth rates resulting in algae biomass doubling within 24 hours (Chisti 
2007) 
 Ability to capture solar energy 10 to 50 times greater than that of terrestrial 
plants (He et al. 2003). 
 Absence of competition with food crops for land (Chisti 2010) 
 Improvements in energy security by producing domestic biomass 
 Economic and social development in rural communities 
While it is not expected that all current fuel use will be replaced with microalgae 
biodiesel, conceptual replacement calculations can be instructive. Projections based on 
the fuel consumption rate of 2007 predict 0.53 billion cubic metres of biodiesel 
would need to be produced annually to replace all the transportation fuel used in the 
United States (Chisti 2007). Corn, soybean and canola oil require unrealistic 
percentages of the existing area for cultivation of total fossil fuel replacement. Palm 
oil is the highest oil-producing crop (5950 L/ha/year). However, palm oil would still 
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require one quarter of the existing global cropping land for cultivation, in order to 
meet half of the transport fuel requirements. As for microalgae containing 30% and 
70% oil content, the percentage of total cropping area is required for total fossil fuel 
replacement 2.5% and 1.1%, respectively. These values are 10 times less than the 
area required for palm oil and hence this is why microalgae is seen as having 
potential for large-scale fuel production. 
 
Table 2.2: Comparison of some sources of biodiesel (Chisti 2007) 
Crop 
Oil Yield (L/ha) 
Land area 
needed (M ha)a 
Corn 172 1540 
Soybean 446 594 
Canola 1190 223 
Jatropha 1892 140 
Coconut 2689 99 
Palm oil 5950 45 
Microalgaeb 136900 2 
Microalgaec 58700 4.5 
a For meeting 50% of all transport fuel needs of the United States.  
b 70% oil (by wt) in biomass. c 30% oil (by wt) in biomass. 
 
2.3.3.  Challenges in microalgae biodiesel production 
Microalgae provides various advantages for biodiesel production compared to 
traditional crops (Chisti 2007). However, it has not been successfully economically 
cultivated on a commercial scale (Greenwell et al. 2010) and there are many hurdles 
that affect  feasibility on  a large scale: 
 One of the challenges in algal biofuel research is in finding a species that is 
suitable across a wide range of factors including environmental tolerance, 
high growth rate, high lipid content, and easy harvesting and extraction 
(Greenwell et al. 2010). 
 The biochemical composition of lipids is another barrier compared to other 
traditional feedstock in relation to biofuel properties. Microalgae oil is quite 
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rich in polyunsaturated fatty acids with more than four double bonds (Belarbi 
et al. 2000). Examples include eicosapentaenoic acid (EPA, C20: 5n-3; five 
double bonds) and docosahexaenoic acid (DHA, C22: 6n-3; six double 
bonds) and these occur commonly in microalgal oils (Chisti 2008). European 
biodiesel standard EN 14214 placed restrictions on FAME contents with 
more than four double bonds to a maximum of 1% (mol). This biodiesel 
standard also limits the linolenic acid methyl ester (C18:3) content to  12% 
(mol) (Chisti 2007). Due to higher polyunsaturated fatty acids, microalgae 
biodiesel has a higher iodine value, which is also limited to maximum 120 g 
I2100g−1of fat by EN14214. 
 Harvesting and recovery of biomass from microalgae cultures are the most 
problematic area in algal biofuel production technology. These challenges 
mainly result in these areas, contributing  up-to 50% of the final production 
cost of microalge systems (Greenwell et al. 2010).  
 Globally, very few companies are in large-scale production of microalgae 
biofuels, which in turn limits the quantity of microalgae biodiesel available 
for downstream processing research. 
 
2.4. Oil extraction from microalgae 
The efficient extraction of oil from algal biomasses can be achieved with the method 
explained below. An extraction method must be able to extract neutral lipids (TAGs) 
from the cellular matrix without co-extracting less desirable structural lipids 
(phospholipids and glycolipids). The most common approaches to achieve this 
include:  
 Mechanical disruption 
 Supercritical fluid extraction 
 Solvent extraction 
 Thermal liquefaction 
 Ultrasonic- assisted extraction 
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Conventionally, wet biomass requires further downstream processing such as 
thickening, dewatering and drying prior to extraction. However, this process is 
energy intensive and costly, so alternative extraction methods able to process wet 
biomass have gained increased attention (Johnson and Wen 2009). Techniques that 
extract oil from wet algal biomass include direct transesterification and thermo-
chemical liquefaction. 
2.4.1. Mechanical disruption 
Mechanically disrupting algal cells causes their walls to disintegrate, and extraction 
of the intracellular material occurs (Agarwal). Disruption methods reduce further 
chemical contamination that would otherwise be produced from solvents while 
maintaining the quality of substances within the cell. Common methods include bead 
milling, homogenisation, and mechanical pressing (Medina et al. 1998; Agarwal).  
 
Bead milling occurs as a result of agitation of small glass beads inside a vessel being 
rotated at high speeds. As a result, disruption occurs as the biomass is rapidly stirred, 
causing cellular damage (Ajav et al.). Conversely, homogenisation forces biomass 
through an orifice, and produces a rapid pressure change and high shear stress. A 
third process is mechanical pressing. This process extracts oil by crushing the cell 
walls using a press. The amount of disruption caused to the cells is affected by the 
size, strength and shape of the microalgal cells (Medina et al. 1998; Agarwal). 
Scaling-up mechanical disruption would only be practical as a pre-treatment process 
for solvent extraction because of the energy required to produce  small quantities of 
oil (Agarwal). 
2.4.2. Supercritical fluid extraction 
Supercritical fluid extraction (SFE) is a process that occurs with a fluid in a  state  
resembling both a liquid and a gas as the temperature and pressure rise above the 
critical point (Ajav et al. ; Agarwal ; Allen et al.). The fluid's properties are between 
both states of matter with the viscosity being similar to that of a gas and the density 
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similar to that of liquid. This situation enhances the solvating power and increases 
the diffusivity to produce faster extraction yields and separation (Agarwal ; Allen et 
al.). The most commonly researched solvent is carbon dioxide (CO2), given its 
moderately low critical temperature (31.1°C) and pressure (72.9 atm). Added 
advantages of using CO2 include chemical inertness, low toxicity, relative pricing, 
availability and its ability to be handled in large quantities (Ajav et al. ; Agarwal). 
Supercritical CO2 has a low polarity; as a result, it is less efficient in extracting 
compounds with moderate to high polarity. To increase solvent polarity and thus 
lipid extraction, modifiers (co-solvents) such as ethanol are used in combination 
with CO2 (Allen et al.). One possible disadvantage is the presence of moisture in the 
biomass that acts as an additional layer over the cells and decreases the diffusion 
efficiency of CO2 (Agarwal).  
 
In SFE, after extraction is completed, the temperature and pressure are returned to 
atmospheric conditions. Carbon dioxide, (gas) at room temperature, is separated 
from the final product (Ajav et al. ; Agarwal). Supercritical fluid extraction is 
becoming more widely investigated because it does not leave harmful solvent 
residues,  has a faster extraction time than mechanical disruption and solvent 
extraction, and is used for thermally sensitive products (Agarwal). In addition, use of 
co-solvents can enhance the selectivity of extraction of certain compounds in the 
extract (Halim et al. 2012). However, the  pressure vessel installation cost and 
unfavourable energy requirements, as well as CO2-demand, limit the scalability of 
supercritical fluid extraction at present (Agarwal ; Halim et al. 2012). 
2.4.3. Solvent extraction 
Solvent extraction makes use of specific chemicals to liberate the lipids and separate 
them from the crude biomass. Possible solvents include benzene, ethanol, hexane or 
ethanol-hexane mixtures (Amin 2009; Mata et al. 2010). The most widely used 
solvent however, is hexane, due to its lower cost ready availability and  low toxicity,  
density and boiling point (Medina et al. 1998; Agarwal 2007; Demirbaş 2009).  
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Solvent extraction of lipid from microalgae biomass is a process that transfers crude 
lipids from either a solid or a liquid phase to a second, immiscible phase. Extracted 
lipids are dissolved in the solvent  and form a solution separate to the cell debris 
(Agarwal). This is due to oil being highly soluble in the organic solvents used in this 
process (Agarwal). Extraction efficiencies are enhanced when the solvent can 
penetrate algal cells, hence polarity similar to that of the crude lipids being 
extracted. Non-polar solvents typically extract non-polar lipids whereas polar lipids; 
are typically extracted by polar solvents. This connection between polar compounds 
minimises the co-extraction of non-lipid contaminants (protein and carbohydrates) 
(Milledge and Heaven 2013). Higher lipid yields can be achieved by either 
disrupting cells before adding the solvent or using a combination of solvents such as 
hexane (non-polar), methanol (polar) and water (Medina et al. 1998; Agarwal). 
Contamination is a major obstacle when using organic solvents, as pigments can be 
extracted  into the  product.  
 
An experiment carried out by Halim et al. (Agarwal) examined the lipid yields 
results from hexane and hexane/isopropanol extraction using Chlorococcum sp. as 
the algae species. For the hexane extraction, dried powder and wet paste derived 
from microalgae biomass were used as feedstock. It was found that the hexane 
extraction using wet algal paste produced a 33% lower yield than  dried powder. The 
combination of n-hexane and isopropanol produced a three-fold increase in lipid 
yield when compared to hexane extraction from dried biomass. This was because 
algae cell walls can prevent direct contact between non-polar solvents and their cell 
membrane to reduce the effectiveness of lipid extraction. The use of alcohol (polar 
solvent) can disrupt the membrane-based lipid-protein interactions by forming 
hydrogen bonds with the polar lipids (Agarwal). This allows hexane to extract a 
larger amount of lipids, and therefore, hexane: alcohol extraction is seen as the most 
suitable method for industrial scale production. 
 
Solvent extraction at higher temperature and pressure, shown as  accelerated solvent 
extraction (ASE), has been investigated and found to be very efficient with maximal 
final lipid recovery of 90.21% of total lipids (Halim et al. 2012). ASE can also be 
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used with wet biomasses, reducing sample pre-treatment costs and preparation time 
compared to conventional hexane extraction. However, due to the higher pressures, 
ASE generally extracts a higher amount of polyunsaturated fatty acids, which is 
undesirable for biodiesel properties. Optimising the operating temperature and 
moisture levels in the biomass can solve this problem. 
2.4.4. Thermal liquefaction 
Unlike pressing or chemical extraction, liquefaction can occur with microalgae 
biomass with high moisture content, reducing the need for drying of the biomass. 
After harvesting, liquefaction of the microalgae biomasses  in sub-critical 
conditions, converts wet biomass to bio-crude oil (Patil et al. 2008; Amin 2009). 
 
The main benefits of liquefaction are that many different products can be produced 
and that drying of the biomass is not required. The downsides of this method are the 
high energy cost of this process, which may make this an expensive technology, for 
a process aimed solely at biodiesel production. The formulation of  additional 
products could help to improve process economics (Amin 2009). 
2.4.5. Ultrasonic-assisted extraction 
Ultrasonic-assisted extraction is the process of applying sound energy to agitate the 
sample and disrupt the cell membranes of the algae cells, causing them to release 
their cellular contents (Cravotto et al. 2008). The release of these cellular contents is 
enhanced by the use of solvents. Typically in  ultrasonic-assisted extraction, a 
centrifuge is  used to separate the residual algae biomass from the solvent and 
extracted lipid at the end of the process (Mata et al. 2010).  
 
The main benefits of using the  ultrasonic extraction process are the ability to  
increase the yield of algae oil and reduce the time of the extraction process with 
moderate or low cost (Mata et al. 2010). Another benefit sometimes mentioned is the 
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fact that the biomass does not require drying before extraction, if the hexane-
centrifugation method is used.   
2.4.6. Discussion 
The majority of harvesting and extraction processes for microalgal biomass are still 
in the early stages of development, with information generally restricted to journal 
articles relating to university experiments. While there are several pilot trials being 
carried out by industries around the world, few of the details relating to these tests 
are released to the public. The laboratory scale extraction defined as when the 
microalgae extraction and conversion happened in test tube for research, whereas 
pilot scale referred to process in large reactor to produce litres of biofuel. More than 
1000L for commercial productions are referring to large scale in this study.  
An optimum lipid extraction process at commercial-scale will be a trade-off between 
key factors including extraction efficiency, time taken, reactivity with lipids, capital 
cost, operating cost (including energy consumption), process safety and waste 
generation. The scale-up potential of each method is summarised in (Halim et al. 
2012) and presented here, supplemented with the information in Table 2.3. 
Table 2.3: Comparison of four extraction techniques using key factors 
Extraction 
Technique 
Energy 
Consumption 
Extraction 
time 
Solvent 
toxicity 
Scale-up 
potential 
Organic solvent moderate moderate high moderate
Soxhlet  high moderate high lack of 
Supercritical high low low moderate 
ASE high low high moderate 
 
2.5. Biodiesel production 
Vegetable oils and fats, and more specifically, microalgae oil, are highly viscous, 
varying from 10 to 17 times higher than petroleum diesel (Demirbas and Demirbas 
2010). Researchers began to reconsider using vegetable oil during the energy crisis 
of the 1970s, and developed a simple method for converting vegetable oil into a 
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suitable diesel fuel with an appropriate viscosity (Um and Kim 2009), “This process, 
called ‘transesterification’ involves blending vegetable oil with alcohol, and adding 
a catalyst that would initiate the reaction to convert the oil into biodiesel (Markley 
and Markley 1964; Um and Kim 2009)”. 
2.5.1. Transesterification 
The transesterification reaction is shown in Figure 2.2. The products of this reaction 
are fatty acid methyl esters, known as biodiesel and glycerol. Glycerol is often 
considered a valuable co-product and is separated from the biodiesel shortly after the 
reaction. Commercial biodiesel production processes use alkali-catalysed processes 
although  other approaches include the use of acid catalysts and enzymes (Um and 
Kim 2009). 
 
Figure 2.2: The transesterification reaction (Chisti 2007) 
While the transesterification process is a process that has been around for decades 
and is considered highly efficient, recent experimentation and development has been 
carried out on several alternative methods. Two of these methods are: 
 The Mcgyan Process 
 The Supercritical process 
2.6. Discussion 
The Transesterification process is a well-established one.  Several new alternatives 
have been recently developed. The two alternative transesterification techniques 
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mentioned above both have quite different benefits and disadvantages; however, 
there is a limited amount of literature surrounding these alternative methods.  
2.7. Fatty acid composition of microalgae methyl ester and 
fuel properties 
A systematic analysis of the fatty acid methyl ester (FAME) composition and 
comparative fuel properties is crucial for species selection for biodiesel production. 
The most common fatty acids from microalgae are: Palmitic (hexadecanoic - C16:0), 
Stearic (octadecanoic - C18:0), Oleic (octadecenoil - C18:1), Lenoleic 
(octadecadienoic - C18:2) and Linolenic (octadecatrienoic - C18:3) acids (Knothe 
2009). Most algae have only small amounts of eicosapentaenoic acid (EPA) (C20:5) 
and docosahexaenoic acid (DHA) (C22:6). However, in some species of particular 
genera, these polyunsaturated fatty acids (PUFAs) can accumulate in appreciable 
quantities, depending on cultivation conditions (Huerlimann et al. 2010). In general, 
diatoms and eustigmatophytes make appreciable amounts of EPA, while 
dinoflagellates and haptophytes typically produce both EPA and DHA, with DHA 
often being dominant over EPA (Brown 2002). A good quality biodiesel should have 
5:4:1 mass to fatty acid ratio of C16:1, C18:1 and C14:0, as recommended  by 
Schenk et al. (Schenk et al. 2008). 
 
The rise in consumption of biodiesel has led to the need for standardising the quality 
requirements for alkyl ester based fuels. The United States and European Union are at 
the forefront of the fuel regulation industry with internationally recognised standards 
ASTM D6751 and EN14214 used throughout the world. For pure biodiesel (B100) and 
blends of petroleum diesel with varying concentrations of biodiesel, the standards below 
can be employed (EN 2008; ASTM 2012). Following this trend, the Australian 
government has established a biodiesel standard titled, “Fuel Standard (Biodiesel) 
Determination 2003” (Comlaw 2009). Using the EN and ASTM as starting points, the 
fuel properties have been determined for the Australian climate. Error! Reference 
source not found. presents the standard value of biodiesel properties and the 
standard testing methods.  
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Error! Reference source not found. : Biodiesel standards and test methods 
Fuel properties Units Europe (EN 14214) USA (ASTM 6751-12) Australia  Test method
Density @15 ºC kg/m3 860-900 Report 860-900 ASTM D1298
Viscosity @40 ºC mm2/s 3.5-5.0 1.9-6.0 3.5-5.0 ASTM D445 
Distillation T90 ºC n/a 360 360 max ASTM D1160 
Flash point  ºC 120 min 130 min 120 min ASTM D93 
Flash point (close cup) ºC - 93 min - ASTM D93 
Sulphur mg/kg 10.0 max 15 max 10.0 max ASTM D5453 
10% carbon residue %mass 0.30 max n/a 0.30 max ASTM D4530 
100% carbon residue %mass n/a 0.050 max n/a - 
Sulphated ash %mass 0.02 max 0.020 max 0.02 max ASTM D874 
Water and sediment %vol 0.05 max 0.05 max 0.05 max ASTM D2709 
Total contamination mg.kg 24 max n/a 24.0 max EN 12662 
Cu strip corrosion 3h@50ºC calss 1 max No. 3 max calss 1 max ASTM D130/EN ISO 2160 
Oxidation stability h@ 110 ºC 6.0 min 3 min 6.0 min EN 14112/prEN 15751 
Cetane number - 51.0 min 47 min 51.0 min ASTM D613/ASTM D6890 
Linolenic acid (C18:3) %mass 12.0 max n/a n/a - 
Polyunsaturated ≥ 4 mg/kg 1 max n/a n/a - 
Acid value mg KOH/g 0.50 max 0.50 max 0.80 max ASTM D664 
Methanol %mass 0.20 max 0.2 max 0.20 max EN 14110 
Ester content %mass 96.5 min n/a 96.5 min EN 14103 
Monoglyceride %mass 0.80 max n/a n/a - 
Diglyceride %mass 0.20 max n/a n/a - 
Triglyceride %mass 0.20 max n/a n/a - 
Free glycerol %mass 0.020 max 0.020 max 0.020 max ASTM D6584 
Total glycerol %mass 0.25 max 0.240 max 0.250 max ASTM D6584 
Iodine number gI2/100g 120 max n/a n/a - 
Phosphorus mg/kg 10.0 max 10 max 10 max EN 14107 
Group I (Na+K) mg/kg 5.0 max 5 max 5 max EN 14538 
Group II ((Ca+Mg) mg/kg 5.0 max 5 max 5 max EN 14538 
Cold soak filterability seconds n/a 360 max n/a Annex A1 to D6751-08 
Cloud point ºC Report on request Report on request Report on request ASTM D2500 
CFPP ºC report on request  Report on request Report on request ASTM D4539 
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Fatty acid profiles play a significant role in determining the physical and chemical 
properties of biodiesel. Researchers have made efforts to find convenient and useful 
methods to predict key fuel properties from fatty acid profiles. For example, FAME 
composition has been used to calculate the cetane number (Ramos et al. 2009), 
whereas other researchers have used iodine and saponification values to calculate the 
cetane number (Krisnangkura 1986). The Smittenberg relation was used to estimate 
the density of saturated methyl esters at 20 ○C and 40 ○C (Gouw and Vlugter 1964) 
and an empirical correlation of saturated and unsaturated FAME was proposed for 
estimating viscosity (Allen et al. 1999). 
2.7.1. Higher heating value 
One of the most important properties of fuel is its energy content, which is quantified by 
the higher heating value (HHV), also known as the heat of combustion. The HHV is 
determined by the amount of heat released during the complete combustion of a unit 
quantity of fuel under standard atmospheric conditions (101 kPa, 
25°C)(Sivaramakrishnan and Ravikumar 2011). Typically, HHV of biodiesel is 10% 
lower than petroleum diesel. The HHVs of gasoline and regular diesel are around 46 and 
43 MJ/kg, respectively. Since unsaturated hydrocarbons are rare in crude oil, it is 
expected that the HHV for diesel is higher than biodiesel (Ayhan 2008). An increase in 
chain length and degree of saturation in the fatty acid composition also increases the 
HHV for biodiesel (W. Addy Majewski 2013). 
2.7.2. Cetane number 
The cetane number (CN) is one of the most significant indicators of fuel combustion 
ability (Zhu et al. 2011) . The CN relates to the ignition quality, which decreases 
with decreasing chain length, increased branching and increasing saturation of the 
fatty acid chain (Heck et al. 1998). The ASTM D-6751 standard specifies the 
minimum allowable CN as 47, whereas EN 14214 specifies a higher value of 51. A 
lower CN indicates longer ignition times causing engine knocking and incomplete 
combustion, increasing exhaust pollutants (Mittelbach and Remschmidt 2004). 
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Saturated esters that are advantageous for the cetane number possess poor cold-flow 
properties (Knothe 2008). Unsaturated, especially polyunsaturated, fatty esters 
improve the cold-flow because of the lower melting point, which is desirable but 
also lowers the cetane number and oxidation stability, which is an undesirable 
quality for fuel (Knothe 2008). 
2.7.3. Oxidation stability 
Oxidation stability is one of the most important fuel properties for handling and 
distribution of any liquid fuel in large-scale production. In large-scale biodiesel 
production, fuels need to be stored for longer periods that may lead to oxidisation 
and degradation of fuel quality.  A Rancimat test is undertaken to quantify the time it 
takes a fuel sample to degrade and produce volatile acids. If the "induction" time is 
short, the sample is said to be unstable. The minimum standard time, according to 
ASTM D-6751, is three hours, while EN 14214 is six hours. In this regard, Palmitic 
(C16:0) and Oleic (C18:1) acid have a positive effect on oxidation stability, whereas 
Linoleic (C18:2) and Linolenic acid (C18:3) have an adverse effect (Richter et al. 
1996). Therefore, EN14214 obligation for linolenic acid is ≤12 in biodiesel. 
2.7.4. Cold filter plugging point 
Another critical fuel property is the cold filter plug point (CFPP), which is directly 
related to the amount of unsaturated fatty acids in the fuel. CFPP is the lowest 
temperature, expressed in degrees Celsius (°C), at which a given volume of fuel still 
passes through a standardised filter and it is ≤5/≤−20 ○C according to EN 14214. 
The higher the amounts of unsaturated fatty acids, the higher the CFPP of biodiesel 
(Richter et al. 1996). Iodine value is also related to unsaturated fatty acid content, 
and is directly proportional to the unsaturated fatty acid quantity.  
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2.7.5. Density 
Density is a measure of the mass per unit volume of a substance. In terms of engine 
performance, fuels with greater densities have the capability to provide more energy 
per litre than fuels with lower densities as injector pumps meter fuel to the engine 
volumetrically. The higher the density, the greater the amount of energy supplied. 
Biodiesel has a higher density than petroleum diesel  and  can potentially provide 
more power, but at the cost of fuel consumption (Demirbas 2007). Relationships 
between the fatty acid composition and density of biodiesel have been identified in 
various studies (Gouw and Vlugter 1964; Mittelbach and Remschmidt 2004). Tests 
have shown that density increases with an increasing degree of unsaturation.  
2.7.6. Kinematic viscosity 
The viscosities of vegetable oils are high and require conversion into biodiesel to 
reduce the level of viscosity to a level similar to that of diesel fuel. Biodiesel must 
have an appropriate kinematic viscosity to ensure that an adequate fuel supply 
reaches injectors at different operating temperatures (Ramírez-Verduzco et al. 
2012). Kinematic viscosity limits are set to 1.9−6.0 mm2 s−1 and 3.5−5.0 mm2 s−1 as 
per ASTM 6751-02 and EN 14214. A higher viscosity affects the fuel atomisation 
and can lead to deposits forming inside the engine. It is also well known that inverse 
proportionality to temperature also affects the CFPP for engine operation at low 
temperatures. Furthermore, viscosity is directly proportional to the chain length of 
fatty acids but is inversely proportional to the amount of double bonds (Mittelbach 
and Remschmidt 2004). 
 
2.8.  PROMETHEE-GAIA a multi-criteria decision 
analysis 
Over the last two decades, the use of Multi-Criteria Decision Analysis (MCDA) 
techniques has been a rapidly developing field in operational research. MCDA is 
concerned with the theory and methodology for treating multiple conflicting criteria 
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and ranking  alternatives  (Behzadian et al. 2010). There are many MCDA 
techniques available, ranging from elementary to complex methods (Guitouni and 
Martel 1998), such as ELECTRE, PROMETHEE and REGIME. A review of the 
MCDA literature revealed the Preference Ranking Organisation Method for 
Enrichment Evaluation (PROMETHEE). For the first time in 1982, the 
PROMETHEE family of outranking methods was introduced, including 
PROMETHEE-I for partial ranking and PROMETHEE-II for complete ranking of 
the alternatives. In this research PROMETHEE-II is implemented, which provides a 
complete ranking of a finite set of alternatives from best to worst. Alternatives in 
PROMETHEE-II were compared pair-wise, along each recognised criterion. 
PROMETHEE-II requires two important pieces of information for implementation: 
weight of criteria and preference function. Depending upon the importance, the 
decision maker can change the weight of criteria. The preference function interprets 
the difference between the estimation obtained by two alternatives into a preference 
level ranging from zero to one (Behzadian et al. 2010). Over the years, with the 
development of different versions,  a visual interactive module GAIA  for graphical 
representation  were developed (Mareschal and Brans 1988; Brans and Mareschal 
1994) to help in more complicated decision making situations. GAIA has significant 
advantages (compared to other MCDA methods) because it facilitates rational 
decision making, using decision vectors that stretch towards the preferred solution 
(Brans and Mareschal 1994). A decision vector that is long and not orthogonal (at a 
right angle) to the GAIA plane is preferred for strong decision making (Espinasse et 
al. 1997). The decision vector indicates the most preferable species, for example, 
those that align with the direction of this vector and the outermost criteria in the 
direction of the decision vector are the most preferable (Brans and Mareschal 2005). 
In general, the criteria that lie close to (±45°) are correlated, while those lying in 
opposite directions (135−225°) are anti-correlated, and roughly those in the 
orthogonal direction have no or little influence as shown in Figure 2.3 (Espinasse 
et al. 1997). 
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Figure 2.3: Relationships between criteria in the GAIA plane (Espinasse et al. 1997) 
In the process of biodiesel production from microalgae, it is imperative to select the 
species based on their suitability from the location, growing environment, growth 
rate, lipid content, fatty acid profile, extraction ability and finally the standard fuel 
properties. Therefore, in the operation process there are various criteria to be 
considered for finding the proper condition of biodiesel production from microalgae. 
There are many studies already that have used MCDA in the process of microalgae 
species selection and in investigating the influence of individual fatty acids in fuel 
properties (Islam et al. 2013; Islam et al. 2013; Talebi et al. 2013). 
 
The fatty acid profile, percentage of saturation and unsaturation and specific fatty 
acids influence the physical and chemical properties (cetane number, iodine value, 
saponification value, density, kinematic viscosity, heating value, oxidation stability 
and cold filter plugging point) of biodiesel (Pande and Hardy 1989; Heck et al. 
1998; Knothe 2005; Lapuerta et al. 2009; Ramos et al. 2009; Fassinou et al. 2010; 
Tong et al. 2011; Ramírez-Verduzco et al. 2012; Wang et al. 2012; Talebi et al. 
2013; Moser 2014). 
 
Therefore, PROMETHEE-GAIA could be a valuable tool in identifying the 
relationship between fatty acids and fuel properties to predict biodiesel quality. 
Based on the importance of any particular property, the weight function of the 
criteria can be changed for decision-making. For instance, in countries with  low 
winter  temperatures, a cold filter plugging point is more important than other 
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properties, such as oxidation stability. Therefore, different weighting options 
facilitate selective analysis with PROMETHEE-GAIA. Finally, the ranking ability in 
PROMETHEE-GAIA provides the opportunity to eliminate particular species that 
are likely to be unsuitable for biodiesel production, early in the species selection 
process. 
 
2.9.  Biodiesel as an alternative fuel for diesel engine 
Biodiesel can be used in a conventional diesel engine,  blended with petroleum 
diesel in any ratio (Lebedevas and Vaicekauskas 2006). There are an increasing 
number of literature reports supporting the performance of biodiesel in conventional 
diesel engines (Agarwal 2007; Al-Widyan and Al-Muhtaseb 2010; Buyukkaya 2010; 
Fisher et al. 2010; Kousoulidou et al. 2010; Behçet 2011; Ganapathy et al. 2011; 
Hulwan and Joshi 2011; Muralidharan and Vasudevan 2011; Ng et al. 2011; Xue et 
al. 2011; Zhu et al. 2011; An et al. 2012; Ng et al. 2012; Makarevičienė et al. 2014).  
Results from the use of biodiesel show a substantial reduction in emissions of 
unburned hydrocarbons (HC), carbon monoxide (CO) particulate matter (PM) and 
sulphur oxides (Agarwal 2007; Al-Widyan and Al-Muhtaseb 2010). Some of the 
reports in the literature are summarised in Table 2.4. 
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Table 2.4:  Performance of diesel engine running with a proportion of biodiesel 
Emission Reduction Increase Literature
CO   
(Agarwal 2007; Canakci 2007; 
Haşimoğlu et al. 2008; Qi et al. 2011)
CO2   
(Agarwal 2007; Hossain and Davies 
2012)
SOx   
(Öner and Altun 2009; Al-Widyan 
and Al-Muhtaseb 2010)
NOx  
(Geyer et al. 1984; Agarwal 2007; 
Canakci 2007; Qi et al. 2011; Hossain 
and Davies 2012)
Unburnt HC  (Canakci 2007; Xue et al. 2011)
PM   
(Agarwal 2007; Haşimoğlu et al. 
2008; Nabi et al. 2009; Qi et al. 2011)
Exhaust temperature   (Usta 2005; Haşimoğlu et al. 2008)
 
2.9.1. Biodiesel engine performance 
Typically, diesel engine performance parameters refer to engine power, torque, 
brake specific fuel consumption (BSFC) and brake thermal efficiency (BTE). It is 
commonly argued that biodiesel slightly reduces the power output and torque 
compared to petroleum diesel due to its lower calorific value (Jajoo and Keoti 1997; 
Srivastava and Prasad 2000; Demirbas 2005; Utlu and Koçak 2008). Utlu and Kocak 
(Utlu and Koçak 2008) found around 4.5% and 4.3% reductions in power and torque 
when they were run with waste frying oil methyl ester, compared to petroleum 
diesel. Hasan et al. found that lower calorific value is not the only factor that reduces 
the power and torque, but that density and viscosity also have significant effects on 
engine output power and torque (Hansen et al. 2006). For example, higher viscosity 
and density of biodiesel causes an increased amount of fuel injected into the 
combustion chamber, which could lead to an increase in power (Monyem et al. 
2001; Öner and Altun 2009). At the same time, lower atomisation due to higher 
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viscosity can reduce combustibility of the fuel and reduce power (Öner and Altun 
2009; Aydin and Bayindir 2010). Furthermore, higher lubricity of biofuel will 
reduce the frictional loss and consequently recover engine power and torque 
(Ramadhas et al. 2005). Some literature found that biodiesel results in increased 
power and torque, compared to petroleum diesel. It is also reported that the BSFC of 
biodiesel is increased, compared to petroleum diesel. In a diesel engine running with 
rapeseed oil and its blends, Ekrem Buyukkaya (Buyukkaya 2010) found that BSFC 
increased by up to 11%, compared to petroleum diesel. In summary, it was proposed 
that power and torque were not only dependent on feedstock and fuel properties, but 
also on the engine type and operating conditions, such as engine speed, load, 
injection timing and injection pressure (Murillo et al. 2007; Raheman and Ghadge 
2007; Aydin and Bayindir 2010; Lin et al. 2011) 
2.9.2. Biodiesel exhaust emission 
Exhaust from diesel engines contains many components, including carbon monoxide 
(CO), carbon dioxide (CO2), hydrogen (H2), oxygen (O2), sulphur oxides (SOx), 
unburned hydrocarbons (HC), particular matter (PM) and nitrogen oxides (NOx) 
(Jahirul et al. 2013). Most of these are hazardous to health and have environmental 
impacts. 
There have been several investigations into the effect of biodiesel on exhaust 
emissions, including CO2, CO, HC, SOx, NOx and PM (Agarwal 2007; Canakci 
2007; Haşimoğlu et al. 2008; Öner and Altun 2009; Aydin and Bayindir 2010; Qi et 
al. 2011). A summary of the literature on gaseous emissions for biodiesel is 
presented in Table 2.5. Most of the studies found a sharp reduction in almost all 
gaseous emissions when using biodiesel, compared to petroleum diesel except NOx. 
Biodiesel contains 10-12% oxygen by mass, while petroleum diesel contains nearly 
no oxygen. It is suggested by many researchers that biodiesel enables more complete 
combustion to occur and thus have reduced gaseous emissions. It is also reported 
that, due to the same reason, NOx emissions increase due to the more complete 
combustion and higher combustion temperatures, although reduction of NOx was 
also found in some studies (Geyer et al. 1984; Utlu and Koçak 2008). The variety of 
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results in different reports can be characterised through the variation of biodiesel 
properties, chemical compositions, varying feedstock and the variety of engines used 
(Sahoo et al. 2009; Wu et al. 2009). Monyem and Gerpen (Monyem et al. 2001) 
found that oxidised biodiesel can reduce CO and HC by approximately 15% and 
21%  respectively, compared to petroleum diesel. 
 
Most of the literature reports that NOx emissions increase when running diesel 
engines on biodiesel, as compared to petroleum diesel. Some of the literature, 
however, indicates that NOx emissions can be reduced using biodiesel. Therefore, 
NOx emissions may be a critical parameter to assess. It is found that the chemical 
composition of biodiesel plays an important role in NOx emission. The higher level 
of unsaturation and the longer chain length increases NOx emissions, while higher 
saturated fatty acids and shorter chain length reduce the NOx emissions lower than 
petroleum diesel (Rahman et al. 2014).  It has also been suggested that properties of 
biodiesel, such as cetane number, oxygen content, biodiesel feedstock, fuel injection 
systems, engine types and operating conditions, have an important role in the 
formation of NOx (Fazal et al. 2011; Xue et al. 2011). Engine tests with microalgae 
oil methyl ester are extremely limited in the literature. So far there have been only 
seven engine tests found. A summary of all the reports is shown in Table 2.5. 
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Table 2.5: Engine performance and emission tests with microalgae methyl ester 
Used fuel 
No. Of 
cylinder  
(volume) 
NOx HC CO PM Publication 
Microalgae methyl ester (produced in 
lab, Aleksandras Stulginskis 
University, Lithuania) 
3 (3.3 L)   - 
Fuel 2014 
(Makarevičienė et 
al. 2014)
Microalgae methyl ester (produced in 
lab, Delhi Technological University, 
India) 
1   - 
SAE 2014(Patel et 
al. 2014)
Microalgae methyl ester (Sourced 
from Soley institute, Turkey) 
3 - -  - 
Energies 2013 (Al-
lwayzy and Yusaf 
2013)
Microalgae methyl ester (Sourced 
from Soley institute, Turkey) 
4 (3.90 L)  -  - 
Fuel 2013 (Tüccar 
and Aydın 2013)
Microalgae methyl ester (produced in 
lab, UAE University, UAE) 
1 (0.51 L) - - - - 
Energy 2013(Haik 
et al. 2011) 
Microalgae methyl ester (produced in 
lab, Utah State University, USA) 
2 (0.48 L)   - 
Energy and Fuel 
2012 (Wahlen et al. 
2013)
Simulated microalgae oil methyl 
ester, (Colorado State University, 
USA) 
4 (2.4 L)  -  
 SAE 2010 (Fisher 
et al. 2010)
Microalgae oil methyl ester (Produce 
in pilot-scale at SCU, Australia) 
4 (2.0 L)     (Chapter-6)
 
 
2.10. Conclusion 
Engine performance and emissions are related to the fuel compositions and the test 
engine configurations. To dictate fuel properties, a careful engine test is necessary to 
verify the fuel quality in comparison to other biodiesels and regular petroleum 
diesel. The microalgae biodiesel will be evaluated throughout Chapters 3 to 6. 
Chapter 3 will outline the species selection process, then Chapters 4 and 5 will 
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explain the optimised extraction process and fuel properties. PROMETHEE-GAIA 
software will be used in Chapter 5 to investigate the influence of microalgae oil 
methyl ester in comparison to its fuel properties. Finally, in Chapter 6, the engine 
performance and emission parameters will be evaluated with microalgae methyl 
ester in comparison with other biodiesels and regular petroleum diesel. 
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Abstract 
Physical and chemical properties of biodiesel are influenced by structural features of 
the fatty acids, such as chain length, degree of unsaturation and branching of the 
carbon chain. This study investigated whether microalgal fatty acid profiles are 
suitable for biodiesel characterisation and species selection, through the Preference 
Ranking Organisation Method for Enrichment Evaluation (PROMETHEE) and 
Graphical Analysis for Interactive Assistance (GAIA) analysis. Fatty acid methyl 
ester (FAME) profiles were used to calculate the likely key chemical and physical 
properties of the biodiesel {cetane number (CN), iodine value (IV), cold filter 
plugging point, density, kinematic viscosity, higher heating value} of nine 
microalgal species (this study) and twelve species from the literature, selected for 
their suitability for cultivation in subtropical climates. An equal-parameter weighted 
(PROMETHEE-GAIA) ranked Nannochloropsis oculata, Extubocellulus sp. and 
Biddulphia sp. highest; this was the only species meeting the EN14214 and ASTM 
D6751-02 biodiesel standards, except for the double bond limit in the EN14214. 
Chlorella vulgaris outranked N. oculata when the twelve microalgae were included. 
Culture growth phase (stationary) and, to a lesser extent, nutrient provision, affected 
CN and IV values of N. oculata due to lower eicosapentaenoic acid (EPA) contents. 
Application of a polyunsaturated fatty acid (PUFA) weighting to saturation led to a 
lower ranking of species exceeding the double bond EN14214 thresholds. In 
summary, CN, IV, C18:3 and double bond limits were the strongest drivers in equal 
biodiesel parameter-weighted PROMETHEE analyses.   
 
 Keywords:  Nannochloropsis oculata; cetane number; cold filter plugging point; 
kinematic viscosity; biofuel properties; Preference Ranking Organisation Method 
for Enrichment Evaluation-Graphical Analysis for Interactive Assistance. 
 
 
 
Microalgae species selection  Chapter 3 
44 | P a g e  
 
3.1. Introduction 
Algae have recently received a lot of attention as a new biomass source for the 
production of renewable energy in the form of biodiesel and as a feedstock for other 
types of fuel (Hossain et al. 2008; Oncel 2013). Several biomass conversion processes 
have been explored for the production of renewable diesel from microalgae, such 
as hydrothermal conversion and gasification followed by Fisher-Tropsch synthesis 
(Rosillo-Calle 2012). While both process technologies can yield designer fuels, 
thereby meeting the required specifications of different renewable fuels more easily 
(e.g., devoid of oxygen, nitrogen, sulphur, aromatics and degree of unsaturation is 
controlled through hydrogenation of double bonds), initial set up costs are high. The 
processes are typically more energy intensive, as they require heating to high 
temperatures and pressure, and the latter process has the added disadvantage of 
requiring dried biomass input (an additional energy cost) (Rosillo-Calle 2012). In 
contrast, transesterification-derived regular biodiesel, where fatty acids are 
converted to fatty acid methyl esters (FAMEs), is a conversion technology that can 
be economically applied at remote biomass production facilities for servicing 
production site and community energy and transport fuel demands today. The 
disadvantages of regular biodiesel production are: energy-expensive drying of biomass 
is required (Rantanen et al. 2005), limited storage time due to oxidative 
instability, and the reciprocal advantage and disadvantage of the long chain 
polyunsaturated fatty acid (PUFA) content on the cold temperature operability {cold 
filter plugging point (CFPP)} and the iodine value (IV), respectively (Kuronen et al. 
2007). Limitations can, however, be minimised, by selecting a suitable algal species 
and manipulating the initial fatty acid profile by varying the growth conditions 
and extraction process. 
 
Microalgae have been reported as one of the best sources of biodiesel (Shay 1993). 
They can produce up to 250 times the amount of oil per acre, compared to soybeans 
(Shay 1993). In fact, producing biodiesel from microalgae may be the only way to 
produce sufficient automotive fuel to replace current petro-diesel usage (Chisti 
2007). Furthermore, unlike most vegetable oil sources currently used for biodiesel 
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production, algae can be grown on non-arable land with different streams of 
wastewater and does not compete with the agricultural production of food crops 
(Brennan and Owende 2010). Since different strains of algae can be grown in 
different conditions (e.g., some are freshwater strains while others tolerate brackish 
or even hypersaline conditions) (Esteban and Finlay 2003), they are an attractive 
resource for liquid fuel production (Shay 1993). In addition to biomass and lipid 
productivities, lipid and oil content, quantitative and qualitative lipid and fatty acid 
compositions are regarded to be critical parameters for selecting algae species for 
large-scale production (Huerlimann et al. 2010). Furthermore, a good biodiesel 
should meet the cetane number (CN) standard, which indicates good ignition 
quality, a suitable cold filter plugging point, low pollutant content and, at the same 
time, correct density, and viscosity (Gopinath et al. 2009). 
 
Even though lipid content and FAME profiles can be variable for the same algal 
strain, algal species selection remains one of the most important steps in reducing 
cost and time for large-scale cultivation for biodiesel production (Chen et al. 2012; 
Nascimento et al. 2013). Researchers have made efforts to find convenient and 
useful methods to predict key fuel properties from fatty acid profiles. For example, 
FAME composition was used to calculate CN (Ramos et al. 2009), whereas other 
researchers used iodine and saponification values to calculate the CN (Krisnangkura 
1986). The Smittenberg relation was used to estimate the density of saturated methyl 
esters at 20 °C and 40 °C (Gouw and Vlugter 1964). An empirical correlation of 
saturated and unsaturated FAMEs was proposed for estimating viscosity (Allen et al. 
1999). In this study, fatty acids were extracted from microalgae biomass and directly 
transesterified to FAMEs to investigate the suitability of microalgae FAMEs as 
biodiesel. These microalgae were ranked based on the calculated key fuel properties, 
CN, IV, CFPP, density (υ), kinematic viscosity (ρ), and higher heating value (HHV), 
derived from their FAME profiles to identify the most suitable microalgal species for 
biodiesel production. The FAME profiles of twelve additional microalgal species 
were sourced from the literature (Nascimento et al. 2013) and biodiesel properties 
were calculated for comparison with the nine species from this study. The selection 
of these microalgal species for both extraction and analyses in this study and for 
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literature comparisons, was based on their ability to grow in similar subtropical 
environments. As it was shown that growth phase and nutrient supplementation of 
microalgal cultures also affect FAME profiles, the effect of culture medium and 
growth phase was further investigated for Nannochloropsis oculata based on results 
published by (Huerlimann et al. 2010). 
 
Other biodiesel specifications, e.g., ester-, carbon-, sulphur-, water-, methanol- 
mono-, di- and triglyceride content, as well as free glycerin-, total glycerin- alkali-, 
earth-alkali- and free fatty acid contents listed in the B100 specifications of ASTM 
D6751-02 and EN14214 are also important but strongly influenced by biomass 
harvesting, processing, biomass actual oil content, extraction, conversion and 
purification efficiencies (Hoekman et al. 2012). Therefore, only listed those 
biodiesel quality parameters as per EN 14214 and ASTM 6751-02 (See Table 3 in 
Section 3.3 of Results and Discussion) that can be calculated based on FAME 
profiles. Oxidative stability is a very important biodiesel criterion, as it results in the 
formation of gums, sedimentation and engine deposits and increases the viscosity of 
the fuel through the formation of allylic hydroperoxides and several secondary 
oxidation products such as aldehydes, alcohols and carboxylic acids (Hoekman et 
al. 2012). Oxidative stability is influenced by the age of the biodiesel, the condition 
of storage and the degree of unsaturation of biodiesel FAMEs and can be improved 
by the addition of antioxidants (Barabás and Todoruţ 2011). Oxidative degradation 
is, however, additionally influenced by the FAME components with the presence of 
allylic and particularly bis-allylic double bond positions, leading to greater oxidative 
instability (Hoekman et al. 2012). Linolenate (C18:3) contains two bis-allylic groups 
and a limit of 12 wt% for this FAME has been set in the European B100 biodiesel 
standard (EN 14214), which also limits the amount of FAMEs with four or more 
double bonds to 1 wt%, while the ASTM D6751-02 contains no such restrictions 
(Barabás and Todoruţ 2011). Therefore, polyunsaturated fatty acid content of the 
biomass, as well as the weighted degree of unsaturation developed by Ramos et al. 
(Ramos et al. 2009), and the predictive fuel stability calculated from only two 
FAME contents, linoleate (C18:2) and linolenate (C18:3) (Park et al. 2008) can 
serve as indirect estimates of biodiesel oxidative stability. Taking the above into 
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consideration, we applied a higher weighting to PUFA content compared to other 
FAME-derived biodiesel properties in principal component analyses, and additionally, 
calculated the predictive oxidative stability as per (Park et al. 2008) to evaluate the 
suitability of the microalgal FAME profiles. Where possible, biodiesel quality 
parameters that are not obtainable from FAME profiles have been sourced from 
available data for algae methyl esters from the literature and will be discussed in 
comparison to other feedstock for biodiesel as appropriate. 
 
3.2. Materials and methodology 
3.2.1. Materials 
Nine microalgal species isolated from tropical Queensland, Australia, were used in 
this study and were selected based on their proven ability to grow in tropical-to-
subtropical climates. Isolates were established and grown at the North Queensland 
Algal Identification/Culturing Facility (NQAIF) at James Cook University, 
Townsville, Australia (see Table 3.1 for a list of study species and their NQAIF 
accession numbers). Microalgal cultures were raised in a variety of growth media as 
shown in Table 3.1. 
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Table 3.1: Growth media, cultivation temperature, total lipid and total fatty acid 
content of nine microalgal species from this study and twelve green microalgal 
species from (Nascimento et al. 2013). 
n.d.: not determined; dwt: dry weight; * total fatty acid content (mg g−1 dwt) for the 
twelve species from (Nascimento et al. 2013) was calculated based on information 
provided in Table 3.3 in (Nascimento et al. 2013). 
 
Cultures were maintained in batch cultures (2 L Erlenmeyer flask) under indoor 
culture conditions at 50 μmol m−2 s−1 provided by cool white fluorescent lights at  
25 °C. Algal biomass was harvested in stationary phase, induced by nutrient 
depletion of the medium, by centrifugation at 3000 g for 20 min at room 
temperature. Harvested samples were analysed for total lipid content. The FAME 
composition and the total amount of FAME in mg g−1 dry weight was analyzed by 
gas chromatography/mass spectrometry (GC/MS). 
Sample 
Culture 
medium 
Temp. Total lipid Total fatty acids* 
(°C) (mg g−1 dwt) (mg g−1 dwt) 
Nine species from this study: 
NQAIF034 Amphidinium sp. L1 24 ± 1 189 141.0 
NQAIF272 Biddulphia sp. f/2 24 ± 1 249 109.3 
NQAIF004 Phaeodactylum tricornutum f/2 24 ± 1 217 187.3 
NQAIF284 Picochlorum sp. L1 24 ± 1 305 274.8 
NQAIF283 Nannochloropsis oculata L1 24 ± 1 410 267.1 
NQAIF254 Extubocellulus sp. L1 24 ± 1 270 116.9 
NQAIF294 Scenedesmus dimorphus Bold 24 ± 1 n.d. 84.3 
NQAIF301 Franceia sp. Bold 24 ± 1 n.d. 79.7 
NQAIF303 Mesotaenium sp. Bold 24 ± 1 n.d. 76.5 
Twelve species from (Nascimento et al. 2013): 
Ankistrodesmus falcatus LC 25 ± 2 165 17.5 
Ankistrodesmus fusiformis LC 25 ± 2 207 27.3 
Kirchneriella lunaris LC 25 ± 2 173 30.5 
Chlamydomonas sp. LC 25 ± 2 151 14.1 
Chlamydocapsa bacillus LC 25 ± 2 135 19.2 
Coelastrum microporum LC 25 ± 2 206 49.1 
Desmodesmus brasiliensis LC 25 ± 2 180 37.0 
Scenedesmus obliquus LC 25 ± 2 167 4.4 
Pseudokirchneriella subcapitata LC 25 ± 2 284 36.7 
Chlorella vulgaris CHU 13 25 ± 2 281 75.9 
Botryococcus braunii CHU 13 25 ± 2 455 58.9 
Botryococcus terribilis CHU 13 25 ± 2 490 16.7 
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3.2.2. Lipid Content, Fatty Acid Methyl Ester Analysis 
A method modified from Folch et al. (Folch J 1957) and Somersalo et al. 
(Somersalo et al. 1986) with less toxic solvents, i.e., hexane/methanol, was used 
to extract lipids from the microalgal samples. In addition to being less toxic, this 
solvent system (petroleum ether:MeOH (Somersalo et al. 1986)) was shown to yield 
similar total lipid content of plant tissue, and higher content of some phospholipids 
compared to CHCl3:MeOH. 
 
The biomass pellet was transferred to an 8 mL glass vial using 2 × 1 mL 
methanol:acetyl chloride (95:5 v/v). After adding 1 mL hexane, the vials were 
capped tightly and the lipids extracted at 100 °C for 60 min. After cooling to room 
temperature, 1 mL of water was added to facilitate phase separation and the content 
was transferred to a 15 mL centrifuge tube and centrifuged at 1800 g for 5 min at 
room temperature. The upper layer (hexane + lipid) was transferred to a new, 
pre-weighed 8 mL glass vial. The biomass was then extracted twice more with 1 
mL of hexane. The combined hexane (3 mL) was evaporated under a gentle stream 
of N2 and vials were weighed to 0.1 mg precision to determine the amount of lipids 
extracted. 
 
For quantification and identification of fatty acids, 30 mg lyophilised biomass was 
extracted in triplicate with 2 mL of methanol-acetyl chloride (95:5 v/v). 300 µL 
C19:0 (nonadecanoic acid) was added as internal standard to the extraction mix and 
samples were heated at 100 °C for 60 min. The samples were subsequently cooled to 
room temperature and 1 mL of HPLC-grade hexane. Samples were then heated 
briefly again, allowing the solvents to form a single phase before adding 1 mL 
Milli-Q water to facilitate phase separation. The upper layer was carefully collected 
and filtered through a 0.2 µm PTFE syringe filter (Pacific Laboratory Products, 
Melbourne, Australia) prior to analysis by GC/MS to determine fatty acid profiles as 
methyl esters. Butylated hydroxytoluene (BHT, 0.01%) was used as an antioxidant 
during the extraction. 
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FAME analysis was carried out as per (Gosch et al. 2012) in scan-mode on an 
Agilent 7890 GC equipped with a flame ionisation detector (FID) and connected to 
an Agilent 5975C electron ionisation (EI) turbo mass spectrometer (Agilent 
Technologies Australia Pty Ltd., Mulgrave, Victoria, Australia). Separation was 
achieved on a DB-23 capillary column (15 µm cyanopropyl stationary phase, 60 m, 
0.25 mm inner diameter). Helium was used as a carrier gas in constant pressure 
mode (approximately 230 kPa at 50 °C). Injector and FID inlet temperature were 
150 °C and 250 °C, respectively (split injection, 1/50). Column temperature was 
programmed to hold at 50 °C for 1 min, then rise linearly at 25 °C min−1 to 175 °C 
followed by a 4 °C min−1 increase to 235 °C, and a 3 °C min−1 increase to 250 °C 
as outlined in (David et al. 2002). The quantity of fatty acids was determined by 
comparison of peak areas of external standards (Sigma Aldrich, Castle Hill, New 
South Wales, Australia) and was corrected for recovery of internal standard (C19:0). 
Total FAME content was determined as the sum of all FAMEs. Previous analyses, 
without the C19:0 internal standard, confirmed this fatty acid is not a constituent of 
the fatty profiles of the study species, and was therefore an appropriate internal 
standard recovery. 
3.2.3. Calculation of Fuel Properties from Fatty Acid Profiles 
The focus of this work was to screen suitable microalgal species for biodiesel 
production using published, simple, reasonable and reliable methods to minimise 
cost and time. In this study, several important biodiesel properties (CN, IV, CFPP, 
υ, ρ and HHV) were calculated from the FAME composition. Fuel properties were 
calculated directly from FAME profiles (Klopfenstein 1982; Krisnangkura 1986; 
Ramos et al. 2009; Ramírez-Verduzco et al. 2012). In addition, CN was estimated 
using FAME profiles directly and using FAME-derived fuel properties SV and IV) 
(Krisnangkura 1986), to investigate whether the two different approaches would yield 
different predictions of cetane values. 
 
Along with the CN and chemical properties of biodiesel, some physical properties 
are also very important for biodiesel quality, such as υ, ρ, HHV, sulphur content, 
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oxidation stability and so on. Here empirical equations were used to estimate three 
of the physical properties (υ, ρ and HHV) of the FAME mixture, as proposed by 
(Ramírez-Verduzco et al. 2012). 
CNs of vegetable oil methyl ester were calculated, using the following equation 
(Krisnangkura 1986): 
ܥ ଵܰ ൌ 46.3 ൅ ൬ 5458ܵܽ݌݋݂݊݅݅ܿܽݐ݅݋݊ ܸ݈ܽݑ݁൰ െ ሺ0.225 ൈ ܫ݋݀݅݊݁ ݒ݈ܽݑ݁ሻ (3.1)
where CN1 is the cetane number. The saponification value (SV) in mg KOHg−1 and 
IV in g I2100g−1 of fat are predicted by the following equations (Kalayasiri 1996): 
ܸܵ ൌ ෍ቆ ሺ560 ൈ ௜ܰሻܯ݋݈݁ܿݑ݈ܽݎ	ݓ݄݁݅݃ݐ ݋݂ ݅ݐ݄ ݂ܽݐݐݕ ܽܿ݅݀ቇ௜
 (3.2)
ܫܸ ൌ ෍ ሺ254 ൈ ܦ௜ ൈ ௜ܰሻܯ݋݈݁ܿݑ݈ܽݎ	ݓ݄݁݅݃ݐ ݋݂ ݅ݐ݄ ݂ܽݐݐݕ ܽܿ݅݀௜
 (3.3)
where Ni is the percentage of each FAME; and Di is the number of double bonds of 
the ith FAME. 
An equation proposed by (Ramos et al. 2009) was used to calculate the degree of 
unsaturation (DU), based on the mass fraction of mono-unsaturated fatty acids 
(MUFA) and PUFA: 
ܦܷ ൌ ∑ܯܷܨܣ ൅ ሺ2 ൈ ܷܲܨܣሻ (3.4)
The long chain saturation factor (LCSF) and the CFPP in °C are also calculated 
based on (Ramos et al. 2009): 
ܮܥܵܨ ൌ ሺ0.1 ൈ ܥ16: 0ሻ ൅ ሺ0.5 ൈ ܥ18: 0ሻ ൅ ሺ1 ൈ ܥ20: 0ሻ ൅ ሺ2 ൈ ܥ24: 0ሻ (3.5)
ܥܨܲܲ ൌ ሺ3.1417 ൈ ܮܥܵܨሻ െ 16.477 (3.6)
Equation (3.1) estimates the CN based on the properties FAME molecular weights, 
saponification and iodine values. The CN can, however, also be calculated directly 
using the molecular weight and degree of unsaturation (CN2), as shown in Equation 
(3.7) according to (Ramírez-Verduzco et al. 2012): 
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ܥ ଶܰ ൌ ෍െ7.8 ൅ 0.302 ൈ ܯ௜ െ 20 ൈ ܰ
௜
 (3.7) 
where CN2 is the cetane number; Mi is the molecular weight; and N is the number of 
double bond in the ith FAME. 
The υ, ρ and HHV of each FAME can be calculated by using Equations (3.8)–
(3.10), respectively, and summation of all FAME-derived fuel properties provides 
the final υ, ρ and HHV of the biodiesel as published in (Ramírez-Verduzco et al. 
2012): 
݈݊ሺ߭௜ሻ ൌ െ12.503 ൅ 2.496ൈ ݈݊ሺܯ௜ሻ െ 0.178 ൈ ܰ (3.8) 
	ߩ௜ ൌ 0.8463 ൅ 4.9ܯ௜	 ൅ 0.0118	 ൈ ܰ (3.9) 
ܪܪ ௜ܸ ൌ 46.19 െ 1794ܯ௜ െ 0.21 ൈ ܰ (3.10) 
where (ʋi is the kinematic viscosity of at 40 °C in mm2/s; ρi is the density at 20 °C in 
g/cm3; and HHVi is the higher heating value in MJ/kg of ith FAME. 
Predictive oxidative stability was calculated, where possible, based on C18:2 and 
C18:3 content as suggested by (Park et al. 2008), following Equation (3.11): 
ܻ ൌ 117.9295ܺ ൅ 2.5905	ሺ0 ൏ 100ሻ (3.11) 
where X is the content of linoleic and linolenic acids (wt%) (0 < X < 100); and Y is 
the oxidation stability in hours. 
 
The selection process took multiple criteria (biodiesel properties, FAME and 
lipid content of the biomass, C18:3 wt% and wt% of FAME with ≥ four double 
bonds) into account. Thresholds were set as per Table 3.3. A variety of multi-criteria 
decision analyses (MCDA) are available, ranging from elementary to rather complex 
methods (Guitouni and Martel 1998), such as ELECTRE, PROMETHEE and 
REGIME. A review of the MCDA literature revealed that the Preference Ranking 
Organisation Method for Enrichment Evaluation (PROMETHEE) and Graphical 
Analysis for Interactive Assistance (GAIA) has significant advantages (compared 
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to other MCDA methods) because it facilitates rational decision making, i.e., the 
decision vectors stretch towards the preferred solution (Brans and Mareschal 1994). 
This study applied the PROMETHEE-GAIA algorithm to rank microalgal species 
for suitability for biodiesel production. As the importance of some of the biodiesel 
parameters varies from region to region, i.e., CFPP is of low importance in 
subtropical and tropical climates and oxidative stability is of lesser importance in 
regions with fast turnaround (short storage times), the ranking was initially 
undertaken by giving equal weight to all biodiesel quality parameters. Following 
this, it was decided that the most suitable locations for biodiesel are subtropical and 
tropical regions, specifically with regards to microalgal biodiesel. Therefore, the 
weighting of the CFPP was not increased, but oxidative stability would be 
influenced by the storage temperature of the microalgal biodiesel. Hence, in addition 
to using C18:3 and ≥ four double bond wt% thresholds as per EN14214, PUFA 
content was used as a proxy for oxidative stability and the weighting of PUFA 
content was increased stepwise to saturation (the level where a further increase in 
weighting led to no further change in the ranking of the species). 
 
3.3. Results and Discussion 
3.3.1.  Lipid Content 
The total lipid and fatty acid contents of nine microalgal species were analysed for 
biomass grown in three different culture media (L1, f/2, Bold), which were chosen 
based on optimal biomass production. Temperature and light were held constant 
Table 3.1. 
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Table 3.1). The current study focused on using theoretical maximal yields of fatty 
acids to calculate fuel properties of biodiesel derived from a range of microalgae in 
order to rank the suitability of these species for further development. This enables 
selection of the most suitable species for further characterisation, including 
optimised growth and harvesting regimes to maximise yield of desirable fatty acids. 
Cultures were harvested in the stationary phase, induced by nutrient limitation. 
Characterisation and quantification of the fatty acid content in the separate fractions 
i.e., triacylglycerides (TAGs or storage fats) and membrane lipids (phosphor- and 
glycolipids) would yield more information regarding the suitability of current 
industrial processing methods for production of biodiesel using oil from these algal 
species (Olmstead et al. 2013). Lipid class content, however, varies depending on 
growth conditions, nutrient provision and extraction solvent and process used, and 
published results for these parameters are scarce, particularly with regards to 
comparable cultivation regimes. 
Of the nine microalgal species from this study, the marine eustigmatophyte, 
Nannochloropsis oculata, had the highest total lipid content followed by the 
euryhaline chlorophyte Picochlorum sp., the marine diatoms Extubocellulus sp., 
Biddulphia sp., Phaeodactylum tricornutum and the marine dinoflagellate 
Amphidinium sp. Total lipid content was not determined for the freshwater 
chlorophytes Scenedesmus dimorphus, Franceia sp. and Mesotaenium sp. due to 
insufficient biomass. In contrast, Picochlorum sp. had a slightly higher total fatty 
acid content compared to Nannochloropsis oculata, while the fatty acid content of 
the other species was much lower and the lowest fatty acid contents were observed 
in the freshwater chlorophytes ( Table 3.1. 
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Table 3.1). This result is not surprising, as freshwater chlorophytes do not store 
significant amounts of lipids and most fatty acids extracted are membrane-
derived (von Alvensleben et al. 2013), in contrast to marine species like 
Nannochloropsis oculata, diatoms and dinoflagellates. In this regard, the high total 
lipid content of the euryhaline chlorophyte Picochlorum sp. is unusual. Based on the 
fatty acid content, which is the proportion of the total lipids that is useful for 
biodiesel production, Picochlorum sp. and Nannochloropsis oculata would be 
favorable, followed by Phaodactylum tricornutum and the dinoflagellate 
Amphidinium sp. 
 
Fuel properties of twelve additional species, the trebouxiophycean strains Chlorella 
vulgaris, Botryococcus braunii, and Botryococcus terribilis and the chlorophyceaen 
strains Ankistrodesmus falcatus, Ankistrodesmus fusiformis, Kirchneriella lunaris, 
Chlamydomonas sp., Chalmydocapsa bacillus, Coelastrum microporum, 
Desmodesmus brasiliensis, Scenedesmus obliquus, and Paseudokirchneriella 
subcapitata acquired from (Nascimento et al. 2013), were also calculated for 
biomass produced under similar temperature regimes but with other growth-
optimized culture media (CHU 13 and LC Oligo) ( Table 3.1. 
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Table 3.1). Of the twelve chlorophyte microalgal species (Nascimento et al. 2013), 
two of the three Trebouxiophyceae species, Botryococcus braunii, and Botryococcus 
terribilis, contained significantly more total lipids, compared to Chlorella vulgaris 
(the other trebuxiophycean species) and the nine chlorophycean species. Total fatty 
acid contents were, however, much lower, suggesting that a significant part of the 
total lipids are other non-polar compounds, such as pigments. Only C. vulgaris had 
atotal fatty acid content comparable to the green chlorophytes investigated in this 
study. 
 
To investigate the effects of nutrients (cultivation media) and growth phase, lipid, 
FAME and FAME-derived biodiesel quality parameters were compared between N. 
oculata (this study) and data for N. oculata_RH, the latter investigating the impact 
of culture medium and growth phase for this species (Huerlimann et al. 2010) (Table 
3.4). Nannochloropsis oculata was selected for this comparison because this species 
is already cultivated on industrial-scale for its usefulness as an aquaculture feed 
(based on total lipid, fatty acid content and profile), and commercial-scale 
cultivation can be achieved in comparatively cheap open pond systems raceways or 
high rate algal ponds (HIRAPs), yielding accurate and achievable year-round 
productivity estimates (20 g m−2 day−1) derived from decades of commercial-
scale cultivation (Ben-Amotz 2009). The total lipid content of N. occulata varied 
with growth phase and culture medium used (Table 3.4; (Huerlimann et al. 2010)). 
Total lipid content was generally higher than those reported for the chlorophycean 
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microalgae, except for P. subcapita, and below the content achieved for N. oculata 
(this study) ( Table 3.1. 
 
 
 
 
 
 
 
 
 
 
Table 3.1). Total lipid content was highest in K medium, with content being higher 
in stationary (stat) compared to late logarithmic (LLog) phase, followed by 
stationary phase cultures raised in f/2 and L1 media, respectively, and then L1 and 
f/2 LLog, respectively. Lowest amounts of total lipids were observed for 
logarithmic (log) phase cultures in f/2 and L1 media, respectively. Even though 
growth phase clearly was a major factor affecting total lipid content, fertilisation 
regime also had an effect, as the second highest total lipid content was observed in K 
medium-raised cultures, which could be due to supplementation of this medium 
with organic phosphate (Keller et al. 1987). In contrast, L1 and f/2 cultivation 
media differ in trace elemental composition, which appeared to affect total lipid 
content to a lesser degree (Table 3.4). 
3.3.2. FAME Composition 
A systematic analysis of the FAME composition and comparative fuel properties is 
very important for species selection for biodiesel production. The most common 
fatty acids of microalgae are Palmitic-(hexadecanoic-C16:0), Stearic-
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(octadecanoic-C18:0), Oleic (octadecenoic-C18:1), Linoleic-(octadecadienoic-
C18:2) and Linolenic-(octadecatrienoic-C18:3) acids (Knothe 2009). Most algae 
have only small amounts of eicosapentaenoic acid (EPA) (C20:5) and 
docosahexaenoic acid (DHA) (C22:6), however, in some species of particular genera 
these PUFAs can accumulate in appreciable quantities depending on cultivation 
conditions (Huerlimann et al. 2010). In general, diatoms and eustigmatophytes make 
appreciable amounts of EPA, while dinoflagellates and haptophytes typically 
produce both EPA and DHA, with DHA being often dominant over EPA (Brown 
2002). It has been suggested that, the higher the degree of unsaturation of the 
FAMEs of a biodiesel, the higher the tendency of the biodiesel to oxidise. There 
are, however, other parameters which also define the oxidation stability of the fuel, 
for example, natural anti-oxidant and free fatty acid content (Knothe 2005; Lapuerta 
et al. 2009; Hoekman et al. 2012). A good quality biodiesel should have a 5:4:1 mass 
fatty acid ratio of C16:1, C18:1 and C14:0 , as recommended by Schenk et al. 
(Schenk et al. 2008). Of the nine microalgal species investigated here, the FAME 
composition of N. oculata is closest to the recommended ratio with 5.1:3.5:1, but 
EPA is also present in appreciable quantities (fourth most dominant fatty acid) 
(Table 3.2). 
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Table 3.2: Fatty acid methyl ester (FAME) profile of nine microalgal species (mg 
g−1 of dry biomass) (this study) 
FAME 
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C8:0 0.0 0.0 0.0 0.3 0.5 0.0 0.0 0.0 0.0
C10:0 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0
C12:0 0.0 0.5 0.0 0.0 1.1 0.0 0.0 0.0 0.0
C13:0 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0
C 14:0 1.1 23.4 6.1 1.5 15.3 7.6 0.4 0.4 0.4
C 14:1 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0
C 15:0 0.0 2.4 0.8 0.7 1.4 0.5 0.3 0.5 0.4
C 15:1  0.0 0.0 0.0 0.0 0.0 0.0 1.9 1.7 1.7
C 16:0 49.6 25.7 43.8 45.9 85.4 29.4 13.1 10.0 10.1
C16:1 (7) 1.5 36.3 89.3 3.3 78.4 69.6 1.3 1.1 0.9
C 16:1 (9)  0.0 0.0 0.0 0.0 0.0 0.0 3.0 4.6 3.6
C16:2 (7,10)  0.0 1.9 2.6 13.9 0.0 3.1 1.7 1.2 1.7
C16:2 (9,12) 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.6 0.5
C16:3 (cis 6,9,12) 0.0 4.9 0.0 9.5 0.0 0.0 0.5 0.5 0.5
C16:3 (7, 10, 13)  0.0 0.0 7.9 0.0 0.0 0.0 1.3 1.0 1.4
C16:4 (4,7,10,13)  0.0 0.0 0.0 0.0 0.0 0.0 12.9 13.2 12.3
C17:0 0.0 0.0 0.0 1.0 1.0 0.0 0.3 0.4 0.0
C17:1 0.0 0.0 0.0 0.8 0.8 0.0 0.0 0.0 0.0
C 18:0 5.7 0.8 1.5 9.3 2.6 1.1 0.5 0.4 0.4
C 18:1  (9) 26.9 1.6 6.7 42.4 53.3 3.7 5.8 3.4 4.3
C 18:1  (x) 0.0 0.6 4.2 0.0 0.0 0.0 1.5 1.8 1.4
C 18:2 (cis - 9,12)  0.0 0.0 0.0 97.6 3.4 0.0 10.6 6.6 8.9
C18:3 all cis 6,9,12  0.0 0.0 0.0 0.0 0.0 0.0 0.8 1.0 0.7
C 18:3  (all cis - 9,12,15)  0.0 0.0 0.0 40.6 0.0 0.0 20.7 25.1 22.9
C18:4 (6,9,12,15)  0.0 0.0 0.0 0.0 0.0 0.0 2.9 2.9 2.3
C 20:0 7.9 0.0 0.0 5.7 0.0 0.0 0.0 0.0 0.0
C 20:2 (cis - 11,14) 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0
C 20:4 1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
C 20:5  (all cis)  16.6 10.5 22.5 0.0 21.9 0.0 0.0 0.7 0.6
C 22:0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0
C 22:6 28.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
C 24:0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.6 0.0
C 24:1 (cis - 15) 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0
SFAs (%) 46.3 48.8 28.1 23.7 40.5 33.6 18.9 15.9 15.4
MUFAs (%) 20.4 35.4 54.1 17.0 50.0 63.8 17.4 16.2 15.9
PUFAs (%) 33.3 15.8 17.8 59.2 9.5 2.7 63.7 67.9 68.7
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Saturated fatty acids (SFA) play a significant role in fuel properties. The CN 
increases in fuels with high amounts of SFA (Gopinath et al. 2009). Biddulphia sp. had 
the highest amounts of SFAs, followed by Amphidinium sp., N. oculata, Extubocellulus 
sp., Phaeodactylum tricornutum and Picochlorum sp. (Table 3.2). On the other hand, 
υ, CFPP and ρ are largely influenced by the degree of unsaturation (Pratas et al. 
2010; Moser 2014). Therefore, both saturation and unsaturation of FAMEs should 
have an optimal balance for high biodiesel quality. 
 
The culture growth phase and nutrient provision affect levels of SFAs, MUFAs and 
PUFAs in N. oculata (Huerlimann et al. 2010), with higher amounts of SFAs and 
MUFAs observed in the stationary phase, except when cultivated in K medium 
(LLog and stat growth phase concentrations are similar), the latter presumably due 
to organic carbon supplementation of K medium. In contrast, PUFA levels 
declined with the growth phase, mainly due to the significant decrease in EPA, 
which could be related to the accumulation of TAGs, and were observed to be 
only half of the stationary phase concentrations (L1 and f/2 cultures) in cultures 
raised in K medium (10.4% dwt) (Huerlimann et al. 2010). While SFA and EPA 
content of N. oculata (this study) were comparable to those published by 
(Huerlimann et al. 2010), MUFA contents were ~10% higher and PUFA contents 
were 50% lower for N. oculata raised in L1 medium in this study. As growth 
conditions and strains used were identical, the FAME profile might suggest that 
nutrient status of the cultures were significantly different, i.e., N. oculata could 
have been in an advanced state of nutrient starvation (one week into the stationary 
phase of this study) compared to three days in (Huerlimann et al. 2010). Thus, in 
addition to the culture growth phase, culture nutrient status, i.e., degree of nutrient 
starvation, will likely affect biodiesel quality of N. oculata. 
3.3.3.  Fuel Properties 
CN is one of the most significant indicators for determining combustion behaviour 
of diesel (Zhu et al. 2011). The CN of a fuel is related to the ignition delay time, 
which is the time between injection and ignition as referred to in ASTM D613. The 
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shorter the ignition delay time, the higher the CN, and vice versa (Gopinath et al. 
2009). According to the ASTM D6751-02 and EN14214 standard for biodiesel, the 
minimum CN should be 47.0 and 51.0, respectively, whereas the IV is set to a 
maximum of 120 g I2/100 g fat. Biodiesel is most likely used with conventional 
petroleum diesel in different blend concentrations, depending on CN and density of 
the biodiesel. Therefore biodiesel with higher cetane numbers can be blended at 
higher concentrations with petroleum diesel. EN14214, ASTM D6751-02 and 
calculated CN, IV, SV, CFPP, LCSF, DU, υ, ρ and HHV derived from the FAME 
compositions, C18:3 (wt%) and double bonds (≥4) (wt%), as well as oxidation 
stability calculated from C18:2 and C18:3 contents (Park et al. 2008) of the nine 
microalgal species and from the published fatty acid profiles of the twelve 
published species (Nascimento et al. 2013), and preference for the PROMETHEE 
analyses (min/max) as well as values used in the analysis, are presented in Table 3.3. 
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Table 3.3: Biodiesel properties calculated from the FAME profile of nine microalgal species (this study) and twelve species from (Nascimento et 
al. 2013). 
Algae species DU LCSF 
CFPP 
(°C) 
IV (g 
I2100g−1 
fat) 
SV (mg 
KOHg−1) 
CN1 CN2 
SFAs 
(%) 
MUFA 
(%) 
PUFA 
(%) 
Kinematic 
viscosity (υ) 
(mm2 s−1) 
Density (ρ) 
(g cm−3) 
HHV  
(MJ kg−1) 
C18:3 
(wt%) 
Db ≥ 4 
(wt%) 
Oxidation 
Stb. a (h) 
Biodiesel Standard EN 
14214 
- - ≤5/≤−20 ≤120 - ≥51 ≥51 - - - 3.5–5.0 0.86–0.90 NA ≤12 ≤1 ≥ 6 
Biodiesel Standard 
ASTM  D6751−02 - - NA NA - ≥47 ≥47 - - - 1.9–6.0 NA NA - - - 
Min/max max max max max max min min min max max max max min max max  
Threshold value for 
PROMETHEE 
- - 5 120 - 47 47 - - - - 0.90 - 12 1 - 
Nine species from this study: 
A 
Nannochloropsis 
oculata 
69 3.7 −4.8 81 203 55.0 57.9 40.5 50.0 9.5 4.2 0.88 39.8 0 8.3 95.7 
Extubocellulus sp. 69 3 −7.0 65 209 57.8 60.9 33.6 63.8 2.7 3.92 0.89 40.1 0 0 − 
Biddulphia sp. 67 2.7 −7.9 88 210 52.5 54.6 48.8 35.4 15.8 3.71 0.89 40.0 0 9.6 − 
B 
Phaeodactylum 
tricornutum 
90 2.8 −7.8 114 204 47.3 50.3 28.1 54.1 17.8 3.74 0.89 39.8 0 12.1 − 
C 
Picochlorum sp. 136 5.5 0.7 135 195 44.0 48.9 23.7 17.0 59.2 3.99 0.89 39.9 14.9 0 4.9 
Amphidinium sp. 87 11.3 19.1 159 188 39.5 42.9 46.3 20.4 33.3 4.13 0.9 40.3 0 32.1 − 
Scenedesmus 
dimorphus 
145 3.8 −4.6 184 196 32.9 37.1 18.9 17.4 63.7 3.63 0.91 40.2 26 19.1 5.6 
Franceia sp. 152 3.1 −6.7 206 198 27.7 33.3 15.9 16.2 67.9 3.49 0.91 40.4 33.5 21.6 5.4 
Mesotaenium sp. 153 1.6 −11.4 202 200 28.3 33.4 15.4 15.9 68.7 3.45 0.91 40.2 31.4 20.3 5.3 
Twelve species from literature (Nascimento et al. 2013): 
Ankistrodesmus 
falcatus 
85 4.38 −2.7 96 191 53.2 49.3 41.4 28.4 30.2 3.68 0.82 36.6 26.86 0 6.7 
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Table 3.3: Cont. 
CN1: Cetane number (Krisnangkura 1986); CN2: Cetane number (Ramírez-Verduzco et al. 2012); Db: Double bond; A: entirely within both biodiesel 
standards (EN 14214; ASTM D6751-02) (Kumar Tiwari et al. 2007) except the number of double bond ≥ 4; B: Within biodiesel standard ASTM 
D6751-02 (Kumar Tiwari et al. 2007); C: not compliant with any of the two biodiesel standards. a: Oxidation stability was not considered for 
PROMETHEE analysis. 
Ankistrodesmus 
fusiformis 
99 3.75 −4.7 108 189 50.8 47.4 37.3 22.4 40.2 3.65 0.82 36.9 26.5 0 5.6 
Kirchneriella lunaris 111 3.53 −5.4 130 192 45.4 45.5 32.1 23.1 44.8 3.70 0.85 38.2 39.6 0 5.3 
Algae species DU LCSF 
CFPP 
(°C) 
IV (g 
I2100g−1 
fat) 
SV (mg 
KOHg−1) 
CN1 CN2 
SFAs 
(%) 
MUFA 
(%) 
PUFA 
(%) 
Kinematic 
viscosity (υ) 
(mm2 s−1) 
Density (ρ) 
(g cm−3) 
HHV  
(MJ kg−1) 
C18:3 
(wt%) 
Db ≥ 4 
(wt%) 
Oxidation 
Stb. a (h) 
Chlamydomonas sp. 27 10.8 17.6 26 206 66.9 62.4 78.6 14.6 6.8 3.93 0.81 36.5 2.76 0 20.2 
Chlamydocapsa 
bacillus 
100 3.93 −4.1 109 187 51.0 48.0 35.7 23.6 40.7 3.69 0.83 37.1 25.45 0 5.6 
Coelastrum 
microporum 
86 4.02 −3.8 84 195 55.4 57.2 45.9 38.0 16.1 4.15 0.86 38.8 11.1 0 8.6 
Desmodesmus 
brasiliensis 
87 4.43 −2.6 83 195 55.6 57.9 34.5 44.1 21.4 4.18 0.86 39.0 9.43 0 8.1 
Scenedesmus obliquus 36 8.95 11.6 34 204 65.5 63.2 70.8 21.7 7.5 4.04 0.83 37.5 2.83 0 18.5 
Pseudokirchneriella 
subcapitata 
82 4.23 −3.2 79 194 56.7 57.5 35.4 47.4 17.3 4.14 0.85 38.3 9.87 0 9.4 
Chlorella vulgaris 56 8.04 8.8 50 189 63.8 63.3 52.2 37.5 10.3 4.28 0.84 38.1 1.57 0 14.3 
Botryococcus braunii 99 1.51 −11.7 90 188 55.1 58.7 9.9 79.6 10.5 4.39 0.86 39.2 5.34 0 13.8 
Botryococcus terribilis 67 5.08 −0.5 64 184 61.7 59.0 43.2 44.3 12.6 4.13 0.82 37.3 7.22 0 12.2 
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Most of the nine microalgal species investigated here were within the range of 
standard values for CN and IV, except for the three chlorophyte freshwater species 
S. dimorphus, Franceia sp. and Mesotaenium sp. (Table 3.3). Based on this, the 
primary selection process can exclude these three species from further analyses. 
Furthermore, biodiesel must have an appropriate kinematic viscosity (υ) to ensure 
that an adequate fuel supply reaches injectors at different operating temperatures 
(Ramírez-Verduzco et al. 2012). Since υ is inversely proportional to temperature, it 
also affects the CFPP for engine operation at low temperatures. Kinematic viscosity 
limits are set to 1.9−6.0 mm2 s−1 and 3.5−5.0 mm2 s−1 as per ASTM 6751-02 and EN 
14214. All microalgal species listed in Table 3.3 were in the prescribed viscosity 
range with 3.44−4.20 mm2 s−1, therefore meeting both standards. The fuel injection 
system supplies fuel by volume not by mass, which means denser biodiesel will be 
injected with greater mass into the combustion chamber, consequently affecting the 
stoicheometric ratio of air and fuel (Ng et al. 2011; Ng et al. 2012). Therefore, 
density (ρ), for which a standard value has been set at 0.86−0.90 g cm−3 
according to EN 14214, is another important parameter for biodiesel quality. FAME 
profile-derived ρ-values of five microalgal species N. oculata, Extubocellulus sp., 
Biddulphia sp., P. tricornutum and Picochlorum sp. were within this range and the 
range was slightly exceeded (0.899−0.915 g cm−3) by the four other species (Table 
3.3). In contrast, nine of the chlorophyte microalgae were slightly below the range 
and only Coelastrum microporum, Desmodesmus brasiliensis and Botryococcus 
braunii barely met the specification (0.86 g cm−3) (Table 3.3).The FAME-derived 
HHVs of all microalgal species investigated were found to comply with the set range 
(39.8−40.4 MJ kg−1) of regular biodiesel, which is normally 10% to 12% less than 
obtained for petroleum-derived diesel (46MJ kg−1) (Ramírez-Verduzco et al. 2012). 
As C18:3 is the precursor for the synthesis of EPA and DHA, it was not surprising 
that high EPA and/or DHA microalgae like N. oculata, Extubocellus sp., Biddulphia 
sp. Phaoedactylum tricornutum and Amphidinium sp., had no detectable amounts of 
this fatty acid (Table 3.3). For the green algal species, C18:3 content varied greatly 
(Table 3.3). All green microalgae from this study, but only four of the twelve species 
derived from the literature, exceeded the EN14214 threshold of 12 wt% C18:3. In 
general, chlorophytes had 0 wt% of ≥ four double bonds, except for S. dimorphus, 
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Franceia sp. and Mesotaenium sp. from this study, which had a high content 
exceeding that of the diatoms Extubocellulus sp., Biddulphia sp. and Phaeodactylum 
tricornutum and the eustigmatophyte N. oculata. Highest values were found in the 
dinoflagellate Amphidinium sp. (Table 3.3). Where possible, oxidation stability 
was calculated based on C18:2 and C18:3 contents, but this was not possible for 
species where these fatty acids were absent from the fatty acid profile (Table 3.3). 
Most of the oxidative stability values calculated here are within, or slightly below or 
above, the range reported for algal methyl esters (8.5−11 h) (Barabás and Todoruţ 
2011) except for N. oculata (Table 3.3). It must be pointed out that these estimates 
must be taken with caution, as values much exceeding the set time frame of 6 h are 
likely a function of low contents of these fatty acids (Table 3.2 and Table 3.3). 
Based on microalgal FAME profiles (Table 3.2) and the estimated oxidative 
stability (Table 3.3), it appears that the formula developed by Park et al. (Park et 
al. 2008) for higher plants, where other long chain polyunsaturated acid contents are 
low, would have to be altered for FAME profiles of microalgae to provide an 
appropriate weighting of other dominant fatty acids with a high degree of 
unsaturation (EPA, DHA, etc.). This would require measuring oxidative stability of 
the microalgal biodiesel directly. 
 
As elucidated above, the growth phase had a major impact on FAME profiles in N. 
oculata; it is thus not surprising that CNs and IVs were also tightly linked with the 
growth phase (Table 3.4). 
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Table 3.4: Effect of growth phase and cultivation media on biodiesel properties calculated from the FAME profile, total lipid, saturated fatty 
acids (SFAs), mono-unsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) contents of Nannochloropsis oculata. 
Algae species 
Growth media 
and growth 
phase 
DU LCSF 
CFPP 
(°C) 
IV (g 
I2100g−1 
fat) 
SV (mg 
KOHg−1) 
CN1 
SFAs 
(%) 
MUFA 
(%) 
PUFA 
(%) 
Total lipid 
(mg g−1 dwt) 
C18:3 
(wt%) 
Db ≥ 4 
(wt%) 
Oxidation 
Stb. (h) 
Min/max - max max max max max min min max max min max max min 
Threshold value for 
PROMETHEE 
analysis 
- - - 5 120 - 47 - - - - 12 1 6 
*N. oculata L1_Stat 69 3.7 −4.8 81 203 55.0 40.5 50.0 9.5 410 0 8.23 95.4 
N. oculata_RH L1_Log 107 4.0 −4.0 175 195 35.0 31.9 28.6 39.4 213 0 37.10 56.2 
N. oculata_RH L1_LLoga 96 4.1 −3.7 155 198 39.9 37.7 29.1 33.4 313 0 31.1 56.2 
N. oculata_RH L1_Stat 75 4.9 −1.1 107 200 49.5 44.8 35.2 20.1 327 0 18.6 81.2 
N. oculata_RH f/2_Log 102 4.1 −3.5 163 196 37.4 33.9 29.8 36.2 219 0 34.1 58.7 
N. oculata_RH f/2_LLog 97 4.5 −2.2 154 208 38.0 40.2 28.7 31.3 292 0.1 19.1 56.2 
N. oculata_RH f/2_Stat 74 5.1 −0.4 105 200 49.9 45.9 34.1 20.0 332 0 18.4 76.3 
N. oculata_RH K_LLog 70 4.5 −2.5 83 203 54.3 40.2 47.1 12.6 357 0.1 11.7 150 
N. oculata_RH K_Stat 79 4.5 −2.4 113 200 48.0 40.8 48.8 10.4 378 0.1 9.4 120.5 
*: species from this study; Log: logarithmic growth phase; LLog: late logarithmic growth phase; Stat: stationary growth phase; RH, species from 
(Huerlimann et al. 2010); and a: average of two samples. 
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Cultures in stationary phase met the specifications of both biodiesel quality 
parameters irrespective of medium, while those in Log and LLog phase (except for 
cultures raised in K medium) exceeded and were below the prescribed levels for IV 
and CN, respectively. As N. oculata has a low C18:3 content, as C18:3 is 
immediately used for the synthesis of EPA, C18:3 content limits did not affect the 
ranking, however, culture growth phase and fertilisation had a large impact on ≥ 4 
double bond content, with cultures raised in K (N. oculata_RH K_stat) and L1 
medium (this study) in stationary growth phase having the lowest content  
(Table 3.4). The FAME profile of N. oculata exceeded the EN14214 ≥ 4 double 
bond threshold under all cultivation conditions. Nonetheless, these results indicate, 
that the decision making process for microalgal species selection for large-scale 
biodiesel production must take growth phase and nutrients (i.e., provision of organic 
carbon in K medium) into account. 
3.3.4. Selection of Suitable Algae Species for Biodiesel 
To be an ideal source of sustainable biodiesel, selected microalgal species should 
contain sufficient lipid with suitable fatty acids for good biodiesel properties. The 
three freshwater chlorophyte species S. dimorphus, Franceia sp., Mesotaenium sp 
were identified to have poor biodiesel properties. A multi-criteria decision method 
(MCDM) software PORMETHEE-GAIA was used to make objective selections for 
large-scale production. Suitable microalgal species were selected from the nine 
species (Figure 3.1) and twelve additional microalgal FAME profiles were sourced 
from the literature ((Nascimento et al. 2013); Figure 3.2) based on twelve estimated 
biodiesel characteristics: IV, LCSF, CFPP, DU, CN1, CN2, υ, ρ, HHV; SFAs, 
MUFA and PUFA, and EN14214 C18:3 and ≥ four double bond thresholds as well 
as total lipid and fatty acid contents, with all components receiving an equal 
weighting. In addition, where possible, oxidative stability was calculated based on 
C18:2 and C18:3 contents as per (Park et al. 2008), which was, however, not 
included in the analyses as it could not be calculated for some species and the 
reliability for algae with high EPA and DHA contents but low C18:2 and C18:3 
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contents is questionable. In Figure 3.1, two axes explain 83.3% of the total 
variability. 
The preference functions of criteria (fuel properties) were modeled as Min (i.e., 
lower values are preferred for good biodiesel) or Max (higher values are preferred 
for good biodiesel) per Table 3.3. The length of the criteria vectors and their 
directions indicate the influence these criteria have on the decision vector (red line in 
Figure 3.1a) and preference to the species (Figure 3.1a). For example, the CN is at 
the maximum for the species Extubocellulus sp. Nannochloropsis oculata and 
Biddulphia sp. whereas IV is at the minimum for these species. On the other 
hand, Picochlorum sp., N. oculata, and P. tricornutum had the maximum amount of 
total fatty acids, whereas S. dimorphus, Mesotaenium sp. and Franceia sp. represented 
the minimum according to Figure 3.1a. 
 
A decision vector that is long and not orthogonal (at a right angle) to the GAIA 
plane is preferred for strong decision making (Espinasse et al. 1997). The decision 
vector indicates the most preferable species, i.e., those that align with the direction 
of this vector and the outermost criteria in the direction of the decision vector are the 
most preferable (Brans and Mareschal 2005) . In general, the criteria which lie close 
to (±45°) are correlated, while those lying in opposite directions (135−225°) are anti-
correlated, and roughly in an orthogonal direction have no or less influence 
(Espinasse et al. 1997). For example CN, IV, DU, PUFA, Db ≥ 4, C18:3 and total 
fatty acid in Figure 3.1a) were correlated, whereas MUFA was anti-correlated with 
these criteria, and total lipid and SFAs had no or little influence on these. The length 
of the criteria vectors indicate their influence on the decision vector and therefore 
the ranking (Brans and Mareschal 2005) . Very short criteria vectors (ρ, υ and HHV) 
indicate that the microalgal species showed little to no variance in these important 
biodiesel quality parameters (Table 3.3), thus they do not influence the length and 
direction of the decision vector (Figure 3.1a). It can be concluded that removal of 
important biodiesel quality parameters ρ, υ and HHV will not change the ranking of 
microalgal biodiesel and these are therefore, at least in this case, not effective 
components for microalgal species selection for biodiesel production. In contrast, 
Db ≥ 4, SAFs, and C18:3 were highly variable criteria (Table 3.3) and they had a 
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strong effect on the decision vector. According to Figure 3.1(a) and the calculated 
outranking flows, the most suitable species are N. oculata, Extubocellulus sp., 
Biddulphia sp., P. tricornutum and Picochlorum sp. (Figure 3.1b). For further 
suitability analysis of microalgal species for biodiesel production, the nine species 
investigated here were compared with twelve chlorophyte microalgal species from 
the literature, which were grown in a similar subtropical climate (eutrophic lagoon 
located at Salvador City, Bahia, Brazil of similar latitude as Townsville, Australia) 
(Nascimento et al. 2013). 
 
Rank Species Phi 
1 N. oculata 0.27 
2 Extubocellulus sp. 0.20 
3 Biddulphia sp. 0.18 
4 P. tricornutum 0.09 
5 Picochlorum sp. 0.06 
6 Amphidinium sp. −0.07 
7 S. dimorphus −0.21 
8 Mesotaenium sp. −0.25 
9 Franceia sp. −0.28 
 
(a) (b) 
Figure 3.1: (a) Graphical Analysis for Interactive Assistance (GAIA) plot of nine 
microalgal species from the present study showing 16 criteria (14 biodiesel 
properties from Table 3.3, total lipid and fatty acid content from  Table 3.1. 
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Table 3.1) and decision vector; and (b) corresponding ranking of species based on 
their outranking flow. 
A GAIA plane of 21 species (nine from this study and twelve from (Nascimento et 
al. 2013)) is shown in Figure 3.2a, where the two axes explain 75.1% of the 
variability. 
Inclusion of the twelve chlorophyte microalgae changed the suitability ranking of 
the nine investigated microalgae, with the green microalgae Chlorella vulgaris 
being ranked highest when all criteria received equal weighting and N. oculata, 
Extubocellulus sp. and Biddulphia sp. maintained their high ranking (ranked 2nd 
3rd and 4th, respectively) for biodiesel quality (Figure 3.2b). Picochlorum sp. and 
P. tricornutum, which ranked highly when only the nine microalgal species were 
considered, lost significant ground, now ranking 11th and 13th amongst the 21 
investigated species (Figure 3.2b). S. dimorphus, Mesotaenium sp. and Franceia sp. 
remained their low ranking and are the least suitable species for biodiesel 
production. 
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Ran Species Phi
1 C. vulgaris 0.1
2 *N. oculata 0.1
3 *Extubocellulus sp. 0.1
4 *Biddulphia sp. 0.1
5 B. terribillis 0.1
6 chlamydomonas sp. 0.1
7 S. obliquus 0.0
8 C. microporum 0.0
9 B. braunii 0.0
10 P. subcapitata 0.0
11 *P. tricornutum 0.0
12 D. brasiliensis 0.0
13 *Picochlorum sp. −0.
14 A. falcatus −0.
15 A. fusiformis −0.
16 *Amphidinium sp. −0.
17 C. bacillus −0.
18 K. lunaris −0.
19 *S. dimorphus −0.
20 *Mesotaenium sp. −0.
21 *Franceia sp. −0.
 
(a) (b) 
Figure 3.2: (a) GAIA plot of nine microalgal species from the present study and 
twelve from (Nascimento et al. 2013) showing 16 criteria (14 biodiesel properties 
from Table 3.3, total lipid and fatty acid content from  Table 3.1. 
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Table 3.1) and the decision vector; and (b) Corresponding outranking flow. *: this 
study. 
As N. oculata ranked first and second in the previous PROMETHEE-GAIA analyses 
with an equal weighting of all parameters, the impact of nutrient provision (culture 
medium) and growth phase on biodiesel quality was investigated for N. oculata in 
a PROMETHEE analysis with equal ranking of all parameters (Figure 3.3). Data 
obtained for N. oculata raised in L1 medium through to stationary growth phase 
(Stat; this study) were compared to FAME-derived data obtained for N. oculata 
grown in L1, f/2 and K medium for growth phases logarithmic (Log), late 
logarithmic (LLog) and Stat (Huerlimann et al. 2010) using the biodiesel 
characteristics, min/max and thresholds as per Table 3.4 and including estimated 
oxidative stability as (Park et al. 2008), as an additional parameter. Reliability of the 
estimate is less of concern for this single species (low or no amounts of C18:3 and 
C18:2) culture condition impact study on predicted biodiesel quality. 
 
The two axes in Figure 3.3a explained 96% of the variability. Estimated oxidation 
stability, IV, PUFA, CN, DU and organic carbon provision were highly correlated 
with the decision vector, while total lipid, SFA had little or no effect and Db ≥ 4 
MUFA and LCSF were anti-correlated (Figure 3.3a). The anti-correlation of Db ≥ 
4 is not surprising, as the set limit of 1 wt% was exceeded by this organism under all 
culture conditions used (Table 3.4). Nannochloropsis oculata_K_RH−LLog ranked 
highest followed by *N. oculata_L1_Stat (this study) and N. oculata_RH_L1_Stat 
(Figure 3.3b). Inspection of the FAME profiles showed that culture conditions for 
the first ranked species resulted in substantially lower concentrations of EPA and 
arachidonic acid (AA) and almost doubled amounts of palmitoleic acid (C16:1 n−7) 
(Huerlimann et al. 2010). 
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Rank Species Phi 
1 N. oculata_K_RH_LLog 0.119 
2 *N. oculata_L1_Stat 0.089 
3 N. oculata_L1_RH_Stat 0.062 
4 N. oculata_K_RH_Stat 0.053 
5 N. oculata_f/2_RH_Stat 0.046 
6 N. oculata_L1_RH_LLog(a) −0.058 
7 N. oculata_f/2_RH_Log −0.094 
8 N. oculata_f/2_RH_LLog −0.100 
9 N. oculata_L1_RH_Log −0.117 
 
(a) (b) 
Figure 3.3: (a) GAIA plot of the effect of nutrients (media L1, f/2, K) and growth 
phase {Logarithmic (Log), Late Logarithmic (LLog), and stationary (Stat)} on *N. 
oculata (present study) and from (Huerlimann et al. 2010) biodiesel quality showing 
ten criteria (twelve biodiesel properties and total lipid content from Table 3.4) and the 
decision vector; and (b) corresponding outranking flow. 
Although N. oculata_K_Stat showed similar effects of fertilisation on the FAME 
profile, it was ranked fourth, most likely due to the combined effects of IV and 
PUFA over estimated oxidation stability (Table 3.4). It can be concluded, that 
growth phase and, to a lesser extent fertilization regime, i.e., organic carbon 
provision, are important drivers for biodiesel quality for this species, which, 
given the impact on EPA and AA levels, would also affect oxidation stability. 
 
The importance of some fuel properties depend on the country and place where it 
will be used and stored. As this study investigated the potential use of microalgal-
derived biodiesel for onsite and community use in tropical/sub-tropical regions, 
where industrial-scale cultivation for biofuels is predicted to occur, CFPP was not 
considered to be of importance here. Elevated temperatures of these regions are, 
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however, likely to affect oxidative stability of the biodiesel. Given the impact of a 
high degree of unsaturation on this parameter, PUFA content was used as a proxy 
for oxidation stability in PROMETHEE, where the weighting was increased from 
1 (equal to all other parameters) to 50 (level of saturation, where further increases 
in the PUFA weighting led to no further change in the ranking of the nine species 
(this study) and the twelve species derived from the literature) (Nascimento et al. 
2013) (Table 3.5). This weighting led to a significant change in predicted suitability 
of species with regards to the predicted quality of the biodiesel, as this weighting 
selected for species that also were well within the limits of Db ≥ 4, C18:3 and IV 
values. The diatom Extubocellulus sp. was ranked highest, followed by the 
chlorphytes Chlamydomonas sp. and Scenedesmus obliquus. However, the heavy 
weighting of PUFA content changed the ranking of the previously first and second 
ranked species, C. vulgaris and N. oculata only slightly, as they remained in the top 
six of the 21 species investigated. In contrast, Biddulphia sp. dropped from rank 4 to 
8, as B. braunii and B. terriblis moved to 6th and 7th place, with the largest 
improvement in ranking observed for Chlamydomonas sp. and Scenedesmus 
obliquus (Table 3.5). PUFA weighting did not change the ranking of species from 
10th (P. subcapitata) to 21st (Franceia sp.) except that Mesotaenium sp. and 
Franceia sp. traded positions. Given that N. oculata remained in 4th position, even 
under heavy weighting of PUFA content, it should be considered a suitable species 
for biodiesel production. This conclusion is also based on the proven ability for 
industrial cultivation in tropical/subtropical climates and the well-established, year 
round average productivities of 20 g dry weight m−2 day−1 derived from several 
decades of production in highly economical, race way outdoor operations, 
parameters that are yet to be established for the three highest ranked species. 
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Table 3.5: Ranking of nine microalgae species from the present study and twelve from (Nascimento et al. 2013) based on PUFA weightings of 1, 10, 
30, 40, and 50. All other fuel properties were ranked as 1. A PUFA weighting of > 50 no longer affected rank order, indicating weighting saturation 
for this parameter. 
Species 
Comparative Rank shift with different PUFA weighting 
All weight=1 PUFA weight=10 PUFA weight=30 PUFA weight=40 PUFA weight=50 Direction of rank shift 
C. vulgaris 1 3 4 5 5  
*N. oculata 2 2 3 3 4  
*Extubocellulus sp. 3 1 1 1 1  
*Biddulphia sp. 4 7 8 8 8  
B. terribillis 5 6 6 7 7  
chlamydomonas sp. 6 4 2 2 2  
S. obliquus 7 5 5 4 3  
C. microporum 8 9 9 9 9  
B. braunii 9 8 7 6 6  
P. subcapitata 10 10 10 10 10 - 
*P. tricornutum 11 11 11 11 11 - 
D. brasiliensis 12 12 12 12 12 - 
*Picochlorum sp. 13 18 18 18 18 - 
A. falcatus 14 13 13 13 13 - 
A. fusiformis 15 15 15 15 15 - 
*Amphidinium sp. 16 14 14 14 14 - 
C. bacillus 17 16 16 16 16 - 
K. lunaris 18 17 17 17 17 - 
*S. dimorphus 19 19 19 19 19 - 
*Mesotaenium sp. 20 20 21 21 21  
*Franceia sp. 21 21 20 20 20  
Red arrows: a large decline in ranking for the microalgal species ranked highest under equal weighting of the biodiesel quality parameters; Blue arrows: a 
large increase in species ranking to top six species rank at a PUFA weighting of 50; black arrows: slight changes in ranking at a PUFA weighting of 50; 
Hyphen: no ranking change for a PUFA weighting of 50. 
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3.4.  Conclusions 
In this study, nine microalgal species were cultivated and their total lipid and FAME 
profiles analysed; the latter was then used to estimate biodiesel properties {CN, IV, 
kinematic viscosity (υ), cold filter plugging point, density (ρ), higher heating values, 
SFAs, MUFA, and PUFA}. An equal parameter weighted PROMETHEE analyses 
established that the marine microalgae Nannochloropsis oculata, Extubocellulus sp. 
and Biddulphia sp. outranked the other six microalgal species, while the three 
freshwater chlorophytes (Scenedesmus dimorphus, Franceia sp., and 
Mesotaenium sp.) did not meet the ASTM D6751-02 and EN14214 standards. Since 
fatty acid composition determines the physical and chemical properties of biodiesel, 
and the amount of total fatty acid is a vital factor for commercial biodiesel 
production, both should be given priority for the selection of microalgal species for 
commercial biodiesel production. 
 
Equal weighted PROMETHEE-GAIA analysis of FAME-derived biodiesel 
properties, C18:3 and double bond thresholds as per EN14214 of the nine microalgal 
species with twelve published FAME profiles of chlorophyte species, chosen based on 
similar subtropical climatic conditions, ranked N. oculata second but with only 
marginal differences to the first ranked species, Chlorella vulgaris.  
 
The effect of nutrient provision (cultivation media) and growth phase was evaluated 
for calculated biodiesel properties of N. oculata. It was established that the growth 
phase affected biodiesel quality to a greater extent compared to fertilisation 
(nutrients), as a better ranking was achieved by stationary phase cultures; however, 
organic carbon provision in K medium also had an effect. Nannochloropsis oculata 
raised in K medium and harvested in late logarithmic growth phase achieved the best 
ranking for biodiesel quality due to the decline in PUFA (primarily driven by the 
decline of EPA and AA) and therefore better suited CN and IV values, followed by 
stationary phase N. oculata raised in L1. 
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As oxidative stability of biodiesel is affected by temperature and the main 
production sites of microalgae for biodiesel production will be tropical/subtropical 
areas with low population densities, a further analysis applied a saturated PUFA 
weighting as a proxy for oxidative stability of the biodiesel. In this analysis, N. 
oculata ranked fourth among the species. However, except for Chlorella vulgaris, 
a species that is incredibly difficult to extract (Liang et al. 2009), industrial-scale 
production has not yet been performed with any of the higher ranked species. Thus, 
unlike for N. oculata, no long term year-round average data on biomass and lipid 
productivities exist, which requires investigation before a final recommendation 
regarding these species can be made. 
 
In summary, this study derived biodiesel quality parameters from FAME profiles 
and showed that CN, IV, C18:3 and double bond limits were the strongest drivers in 
equal biodiesel parameter-weighted PROMETHEE analysis. Using N. oculata as an 
example, it is clearly shown that the stationary phase and, to a lesser extent, nutrient 
provision, positively affect FAME profiles and thus biodiesel quality parameters. 
Application of a PUFA weighting to saturation proved important, as it led to a lower 
ranking of species exceeding the double bond EN14214 thresholds. 
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Abstract  
Commercially viable carbon-neutral biodiesel production from microalgae has 
potential for replacing depleting petroleum diesel. The process of biodiesel 
production from microalgae involves harvesting, drying and extraction of lipids 
which are energy- and cost-intensive processes. The development of effective large-
scale lipid extraction processes which overcome the complexity of microalgae cell 
structure is considered one of the most vital requirements for commercial 
production. Thus, the aim of this work was to investigate suitable extraction methods 
with optimised conditions to progress opportunities for sustainable, microalgal 
biodiesel production. In this study, the green microalgal species consortium, Tarong 
polyculture, was used to investigate lipid extraction with hexane (solvent) under 
high pressure and variable temperature and biomass moisture conditions, using an 
Accelerated Solvent Extraction (ASE) method. The performance of high pressure 
solvent extraction was examined over a range of different process and sample 
conditions  (dry biomass to water ratios (DBWRs): 100%, 75%, 50% and 25% and 
temperatures from 70 to 120 °C, process time 5-15 min). Maximum total lipid yields 
were achieved at 50% and 75% sample dryness at temperatures of 90-120 0C.  It is 
shown that individual fatty acids (Palmitic acid C16:0; Stearic acid C18:0; Oleic 
acid C18:1; Linolenic acid C18:3) extraction optima are influenced by temperature 
and sample dryness, consequently affecting microalgal biodiesel quality parameters. 
Higher heating values and kinematic viscosity were compliant with biodiesel quality 
standards under all extraction conditions used. Our results indicate that biodiesel 
quality can be positively manipulated by selecting process extraction conditions that 
favour extraction of saturated and mono-unsaturated fatty acids over optimal 
extraction conditions for polyunsaturated fatty acids, yielding positive effects on 
cetane number and iodine values. Exceeding biodiesel standards for these two 
parameters opens blending opportunities with biodiesels that fall outside the minimal 
cetane and maximal iodine values.   
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Keywords: Microalgae; Fatty acid; Lipid extraction; Sample dryness; Soxhlet; 
Accelerated solvent extraction; Biodiesel quality 
4.1.   Introduction 
There is increasing global demand for renewable and carbon-neutral 
environmentally friendly transport fuels (2008; Huerga et al. 2014). As a new source 
of renewable energy in the form of biodiesel, microalgae have received much 
attention (Chisti 2008; Deng et al. 2009; 2012; Borowitzka and Moheimani 2013; 
Sing et al. 2013). Photosynthesis and carbon assimilation  mechanisms of ancient 
microalgae are similar to higher plants (Schenk et al. 2008). Microalgae, however, 
can convert solar energy, and access water, CO2 and other nutrients more efficiently 
because of cultivation in aqueous suspensions (2009). Some of the main 
characteristics that make algae more attractive than other forms of biomass are 
higher yields per unit light and area, higher lipid contents, smaller land footprint, 
ability to grow in saline water and wastewater and ability to utilise CO2 from 
combustion gas (Hu et al. 2005; Hossain et al. 2008). Quantitative and qualitative 
lipid contents and compositions are critical parameters in the selection process of 
microalgal species for large-scale production (Huerlimann et al. 2010). Furthermore, 
careful downstream process planning for commercial biodiesel production from 
microalgae is also mandatory for establishing a microalgae-based renewable fuel 
industry (Rawat et al. 2012). 
 
Even though microalgae offer many advantages, they are not yet commercially 
viable for biodiesel production because of the high cost of the production process. 
The most important challenges lie in the fields of biomass harvesting and lipid 
extraction technology, which together account for around 70-80% of the total 
production cost, but biomass dewatering and drying are the main hurdles for 
economically and energetically sustainable biodiesel production from microalgae 
(Molina Grima et al. 2003; 2009; Klein‐Marcuschamer et al. 2013). Unlike 
terrestrial oil feedstock such as soy or canola, from which lipids can be extracted by 
crushing of the seed followed by solvent extraction, the small size and presence of 
rigid cell walls hinder the extraction of lipids from microalgae currently investigated 
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for biofuel production (Johnson and Wen 2009). Compared to other microalgal 
groups and a few oleaginous green algae, freshwater green microalgae typically 
contain low amounts of fatty acids (Lang et al. 2011; von Alvensleben et al. 2013), 
with most fatty acids being membrane fatty acids during favourable growth 
conditions (Siaut et al. 2011). For example, only 13% of the total lipids were 
tri-acylglycerides in Scenedesmus sp. (Xin et al. 2011), a dominant species of the 
Tarong polyculture biomass processed here. Membrane lipids are mainly polar lipids 
and require extraction with polar solvents.  
 
Optimal conditions for large-scale lipid extraction from microalgae are species-
dependent. Furthermore, sample dryness plays a role in lipid extraction. Dried 
biomass is preferred for optimal extraction yields but wet samples can be efficiently 
extracted at high pressure, since water acts as a solvent due to reduced polarity under 
these conditions (Herrero et al. 2005; Mercer and Armenta 2011).  Supercritical 
carbon dioxide (SC-CO2) is considered one of the most promising techniques for  
producing solvent-free extracts (Sajilata et al. 2008). However, supercritical CO2 is 
less effective for polar lipids (membrane lipids) because of its low polarity (Herrero 
et al. 2006). It is also reported that super critical carbon dioxide (SC-CO2) can be 
used to extract lipid from wet microalgae biomass. However, the total fatty acid of 
extracted lipid by SC-CO2 was lower than conventional solvent extraction (Taher et 
al. 2014).  
 
Laboratory-scale lipid extraction procedures from microalgae are well developed for 
determining the total lipid content of a sample gravimetrically. On the other hand, 
parameters affecting large-scale extraction of lipids from microalgae for commercial 
biodiesel production are not well understood. Moreover, most of the reported 
research has focused on nutraceutical/maricultural application of microalgal lipids 
and does not assess the requirements for biodiesel production (De Angelis et al. 
2005; Herrero et al. 2006; Ramadan et al. 2008; Sajilata et al. 2008). Optimal 
commercial lipid extraction processes should not only consider total lipid yields and 
minimisation of co-extraction of impurities such as pigments, but should also aim to 
preferentially extract specific fatty acids that provide optimal biodiesel 
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characteristics (Ibánez González et al. 1998; Mittelbach and Remschmidt 2004; 
Fajardo et al. 2007). Traditional hexane solvent extraction and in-situ 
transesterification (Haas et al. 2004) methods for biodiesel production may not be 
suitable for many microalgae because of the presence of water and cell wall barriers 
(Haas and Scott 2007; Haas et al. 2007). The high levels of fat-soluble pigments in 
microalgae further complicate selective extraction of fatty acids and purification of 
the biofuel (Cooney et al. 2009). Recently one-step microwave irradiation has been 
reported as a faster and easier lipid extraction method, compared to conventional 
two-step heating methods (Cheng et al. 2013). 
 
However, optimal solvent-based extraction processes for microalgae will vary, based 
on cell construction and chemical interactions of lipids and solvents used for 
extraction (Im et al. 2014; Wahidin et al. 2014). In general, non-polar lipids will 
dissolve optimally in non-polar solvents, while polar lipids will extract better with 
more polar solvents (Cooney et al. 2009). Organic solvent-based extraction 
processes currently in use, remain largely bench-scale methods. They are considered 
difficult to scale up for industrial processes due to the toxicity of the solvents and 
quantities required, resulting in expensive operation and infrastructure requirements. 
The use of higher temperatures for lipid extraction under pressure has gained 
popularity due to two main factors: (1) the rate of mass transfer increases at higher 
temperatures and pressures, due to enhanced solvent access to pores within the 
biomass matrix (Shin et al. 2014), and (2) the dielectric constants are reduced at high 
pressures for immiscible solvents to better match the polarity of the lipid (Richter et 
al. 1996; Herrero et al. 2006). Accelerated solvent extraction (ASE) methods use 
organic solvents at pressures and temperatures above their standard boiling points to 
extract lipids quickly and efficiently with minimal solvent use (Richter et al. 1996; 
Romanik et al. 2007). Laboratory-scale ASE allows for extraction of 1-100 g 
biomass in minutes, rather than the hours required for more traditional extraction 
techniques (Richter et al. 1996). Programed ASE extraction procedures additionally 
reduce labour costs and are also time-saving. Therefore, this study evaluated optimal 
lipid extraction conditions (temperature, moisture, treatment time and solvent 
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requirements) using ASE from a green freshwater microalgal consortium cultivated 
in large outdoor ponds.  
 
4.2. Materials and Methodology 
4.2.1. Sample preparation 
The Tarong polyculture was grown under outdoor conditions at the MBD Energy-
James Cook University Research and Development Site at James Cook University, 
Townsville, Australia. The Tarong polyculture is a mixture of several freshwater 
green microalgae, including Scenedesmus dimorphus, S. obliquus, Franceia sp., 
Mesotaenium sp. Chlorella sp. and dominated by Senedesmus obliquus. It was 
grown in sterile filtered L1 medium (Guillard and Hargraves 1993), prepared in 
dechlorinated freshwater and omission of silicate, in 10,000 L horizontal covered 
aerated batch-cultures with a cultivation depth of 30 cm during the Austral autumn 
between March and May 2012. Outdoor temperatures did not exceed 28 °C and 
photon flux densities varied from 80 to 2000 µmol photons m-2 s-1 during the day, 
with cultures receiving 400 µmol of photons m-2 s-1 on average during the 10 h day 
light period. Microalgal samples were harvested by centrifugation (Evodos Type 25) 
in stationary growth phase and freeze-dried. Freeze-dried biomass was posted via 
courier to the Queensland University of Technology, for ASE-hexane extraction. 
The dried algae samples were mixed with water in order to produce samples of 
different moisture levels. Diatomaceous earth (DE) was added in different ratios 
depending on the dry biomass-to-water ratio (DBWR) as recommended by Thermo 
Fisher Scientific Inc. For ASE-350 (Dionex) shown in (Appendix B.1). While 
addition and recovery of DE adds additional costs to fatty acid extractions from 
microalgal biomass, advantages of DE are: absorbance of some of the moisture and 
increase of the porosity of the sample, providing a cleaner transfer of the mixture to 
the ASE cell and enhancing the ASE extraction process (DionexCorp 2011). Due to 
the silicate-based nature of DE, recovery is possible by oxidising the extracted 
microalgal biomass under acidic conditions. In a time, however, where agricultural 
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productivities need to be enhanced significantly due to strong population growth, it 
is also possible to utilise the organic nitrogen- and phosphorous containing DE as 
soil additives, enhancing soil structure through carbon addition and thereby water 
retention, whilst simultaneously providing fertilisation to crops. As such, the 
extracted biomass containing DE could be developed as a co-product for the 
agricultural market, providing an additional income stream, rather than additional 
costs. 
4.2.2. Experiment setup 
An ASE-350 (Dionex, USA) was used for solvent extraction. The instrument 
contains an automated extraction control system where temperature can be selected 
in the range of 40 - 200 0C at pressures up to 11.7 MPa. In this experiment, some of 
the parameters were fixed (cell pressure 10.3 MPa, rinse volume 40%, purge time 
180 s, cell type 66 mL, solvent saver mode off), while other parameters (sample 
DBWR, temperature and extraction time) were varied. For loading, hexane was 
pumped into the cell with the pressurised nitrogen gas (1500 PSI) until the pressure 
reached 10.3 MPa in the cell. The cell was then loaded into the oven for heating to 
the selected operation temperature, with the heat-up time dependent on the operating 
temperature. After reaching operation temperature, fresh solvent was pumped to the 
cell throughout the process time. At the end of the process time, fresh solvent was 
pumped into the cell expelling the solvent and extracted lipids. 
 
Extraction conditions for the ASE were focused on testing the effect of sample 
DBWR, temperature and process time on the extracted lipid quantity. Samples of the 
Tarong polyculture were extracted under four different DBWR (100%, 75%, 50% 
and 25%) and six different temperatures (70, 80, 90, 100, 110 and 120 °C) at three 
different process times (5, 10 and 15 min) with two process cycles (Appendix B.2) 
Table S2) 
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4.2.3. Determination of total lipid and fatty acid methyl ester (FAME) 
content 
Samples of freeze-dried microalgal biomass were mixed with water to produce sub-
samples of different levels of DBWR. These sub-samples were then mixed with DE, 
and placed in the ASE Zirconium extraction cell with extraction solvent at 
temperatures from 70 to 120 ○C. The Tarong polyculture samples were extracted 
using a single solvent, hexane. Extracted lipids were collected from the ASE into 
vessels in the collection tray. Loading and operation of the ASE was as described 
above.  Solvent was evaporated under a gentle stream of nitrogen in a DionexTM 
SE®400 solvent evaporator (Dionex, Thermo Fisher Scientific Inc, Australia) in a 
fume hood after transfer to pre-weighted glass vials. After evaporation to dryness, 
the vial was weighed to determine lipid yield, gravimetrically. The weight of the 
lipid was obtained by subtracting the tare weight of the vials from the final weight of 
the vials.  
 
All extracts from ASE were resuspended and simultaneously extracted and esterified 
in a direct transesterification method adapted from (Carvalho and Malcata 2005) and 
(Cohen et al. 1988) as described in detail in Gosch et al. (Gosch et al. 2012). The 
resulting FAMEs were separated and quantified on an Agilent 7890 GC (DB-23 
capillary column, 60m x 0.25 mm id x 0.15 µm) and an Agilent 5975C Electron 
Ionisation (EI) Turbo Mass Spectrometer (Agilent Technologies Australia Pty Ltd). 
The column temperature gradient was programmed following (David et al. 2002), 
ramping from 50 °C to 250 °C. The quantity and identity of fatty acids were 
determined using external standards (Sigma Aldrich) and NIST08 Mass Spectral 
Library. Total fatty acid content was determined as the sum of all FAMEs and was 
corrected for recovery of the internal standard (C19:0). 
 
A detailed summary of high pressure FAME extraction profiles obtained in response 
to temperature, sample DBWR and process time can be found in (Appendix B3-B6). 
A controlled method  modified from Folch et al. (Folch J 1957) and Somersalo et al. 
(Somersalo et al. 1986) with less toxic solvents, i.e., hexane/methanol, was 
performed to extract lipids from the Tarong polyculture sample to confirm the 
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extraction efficiency of the ASE method. The detailed process is explained in (Islam 
et al. 2013). FAME analysis was carried out as per (Gosch et al. 2012) in scan-mode 
on an Agilent 7890 GC equipped with a flame ionisation detector (FID) and 
connected to an Agilent 5975C electron ionisation (EI) turbo mass spectrometer 
(Agilent Technologies Australia Pty Ltd., Mulgrave, Victoria, Australia). The 
detailed process is given in similar study (Islam et al. 2013). 
4.2.4. Determination of cetane number, kinematic viscosity, higher 
heating and iodine values 
Cetane number, kinematic viscosity and higher heating value were calculated from 
the mass fraction of individual fatty acids using equations 4.1-4.4 as in (Ramírez-
Verduzco et al. 2012), respectively. 
ܥ ௜ܰ ൌ െ7.8 ൅ 0.302 ൈ ܯ௜ െ 20 ൈ ܰ																																																							ሺ4.1ሻ						 
where ܥ ௜ܰ is the cetane number, Mi is the molecular weight and N is the number of 
double bonds in the ith FAME. 
The Kinematic viscosity (υ), density (ρ) and higher heating value HHV of each 
FAME can be calculated by using equations (4.2), (4.3) and (4.4), respectively and 
summation of all fatty acid fuel property provides the final υ, ρ and HHV of the 
biodiesel. 
lnሺυ௜ሻ ൌ െ12.503 ൅ 2.496ൈ lnሺܯ௜ሻ െ 0.178 ൈ ܰ																															ሺ4.2ሻ 
	ߩ௜ ൌ 0.8463 ൅ 4.9ܯ௜	 ൅ 0.0118	 ൈ ܰ																																																												ሺ4.3ሻ															 
ܪܪ ௜ܸ ൌ 46.19 െ 1794ܯ௜ െ 0.21 ൈ ܰ																																																											ሺ4.4ሻ 
 The iodine values were determined from the molecular weights of individual fatty 
acids following Kalayasiri et al. (Kalayasiri 1996) as shown in equation (4.5). 
ܫܸ ൌ ෍ ሺ254 ൈ ܦ௜ ൈ ௜ܰሻܯ݋݈݁ܿݑ݈ܽݎ	ݓ݄݁݅݃ݐ	݋݂	݅ݐ݄	݂ܽݐݐݕ	ܽܿ݅݀௜
																																			ሺ4.5ሻ 
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where ௜ܰ is the percentage of each component in the biomass and Di is the number 
of double bonds of the ith FAME. 
 
Contour plots were chosen to evaluate the effect of ASE process temperature, 
sample DBWR at set process times on total lipid and FAME yields, as well as the 
biodiesel quality parameters described above. The interpolation process used 
Mathwork, MATLAB version 2012a, Function “griddata” with the ‘Cubic 
interpolation’ method of temperature(x), and sample dry biomass water ratio (y) 
grid. The cubic method ensures ‘the interpolating surface is C2 continuous’ (second 
order derivatives).The “griddata” function interpolates the surface at the query 
points specified. Cubic interpolation was found with R-square =1 and Sum of 
Squares Due to Error (SSE) =0. Contours were plotted against temperature and 
sample DBWR using a minimum-to-maximum mesh grid, with interpolation for 
every single unit of temperature and sample DBWR.   
4.3. Results and discussion  
In wet biomass extractions, water plays a significant role by creating a water layer at 
the cell wall, which restricts the access of many hydrophobic solvents. Hexane is a 
non-polar solvent and its hydrophobic nature restricts extraction from wet microalgal 
biomass. Under high pressure and temperature conditions, water changes its polarity 
and becomes miscible with hexane. Therefore, high pressure hexane extraction of 
the Tarong polyculture was chosen for this study. It was found that with higher 
pressure and temperature at 50% sample DBWR, it extracted the highest amount of 
fatty acids, mainly polyunsaturated membrane lipids (Appendix B.7). 
4.3.1. Impact of ASE process variables on total lipid yields as assessed 
through pigment content (colour saturation) of the extracts 
The effect of temperature, sample dryness and process time on extracted total lipid 
yields was investigated for the freshwater chlorophyte microalgal consortium 
(Tarong polyculture). Process time had the least effect on extraction yields. Initially, 
extraction performance was evaluated qualitatively by colour being representative of 
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the amount of pigment extracted under different temperature and sample DBWR 
condition. The darker the colour indicates the higher the amount of pigment with 
lipid extracted. 
 
Sample dryness (25%, 50%, 75% and 100%) positively correlated with total 
extracted lipid yields, as judged by the increasing amounts of pigments, from the 
Tarong polyculture when extracted at a constant temperature 80 °C (Appendix B.8). 
Similarly, temperature (70 - 120 °C) also positively correlated with total lipid yields, 
as judged by a temperature-dependent increase in colour saturation, from the  
Tarong polyculture extracted at a sample dryness of 25% (data not shown).  
4.3.2.  Effect of temperature and sample dry biomass water ratio 
(DBWR) on total lipid and total FAME extraction 
 Temperature, sample DBWR and process time affected single-solvent (hexane) 
ASE lipid extraction yields from the Tarong polyculture.  In general, increased 
temperature improved extraction yields, with 50-75% as the optimal DBWR; except 
for the 100% DBWR sample, the 5 min process time was optimal (Appendix B.2). 
 
Figure 4.1: Effect of temperature and sample dry biomass water ratio (DBWR) on 
extraction performance of total lipid (g 100g-1 DW) and total FAME (g 100g-1 DW). 
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Figure 4.1 shows that maximum amount of lipid (31.3g 100g-1 DW) was extracted at 
50% dryness and 120 ○C, followed by 27 g 100g-1of DW at 75% DBWR and 90 ○C. 
The lowest percentages of total lipid (12-18 g 100g-1of DW) were extracted under 
three different sample DBWR and temperature conditions, 100% DBWR at all 
temperatures, 25 % DBWR at 70 ○C and at 100 – 110 ○C, confirming that optimal 
temperature and DBWR for maximal total lipid extraction should be between 90 °C 
and 120 °C for 50%, and 75% of sample DBWR. 
Qualitative and quantitative analyses of FAME extractions are very important for 
large-scale biodiesel production. Extraction conditions for optimal total lipid yields 
may not be representative for conditions for optimal extraction of fatty acids 
(estimated based on the sum of all FAMEs). Figure 4.1shows that highest total lipid 
yields are achieved at 50% DBWR and 120○C but total FAME yields improved only 
marginally. This indicates a larger contribution of pigments in the extract, which 
suggests that these extraction conditions are likely least suitable for ASE-hexane 
extract biodiesel production.  However, samples with 50% DBWR at 110 ○C and 90 
○C and 25 DBWR at 110 ○C and 120 ○C seemed to be optimal for FAME extraction 
without too much increase in total lipid. Under these conditions, total FAME content 
of the total lipid fraction improved from 42% for the highest FAME and total lipid 
yield to 48 and 46%, respectively. All other extraction conditions with moderate 
total FAME yields yielded only 17% or less total FAME content of the extracted 
total lipids, compromising not only fatty acid extraction efficiencies, but also 
yielding significantly higher contributions of other non-polar cellular constituents, 
such as pigments. Although, as documented, ASE-extraction conditions can be 
optimised for improved fatty acid yields within the total lipid fraction, for biodiesel 
production removal of co-extracted pigments will be necessary even under optimal 
conditions. 
 
4.3.3. Effect of process time on total FAME extraction yields 
To evaluate the influence of process time on extraction performance, experiments 
were run for three different process times of 5, 10 and 15 minutes, and at 
temperatures of 80 °C, 100 °C, and 120 °C. Process time had little effect on total 
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lipid/FAME extraction yields at 80 ○C and 100 ○C. A detail extraction results are 
visualise in contour plots at 120 ○C with 50% sample dryness and 5 min process 
time, are optimal conditions for high pressure total FAME extractions from the 
Tarong polyculture (Appendix B.9). 
4.3.4. Effect of temperature and sample dry biomass water ratio 
(DBWR) on individual fatty acid extraction yields  
The most common fatty acids produced by chlorophytic freshwater microalgae are 
Palmitic - (Hexadecanoic- C16:0), Stearic - (Octadecanoic - C18:0), Oleic - 
(Octadecenoic - C18:1), Linoleic - (Octadecadienoic - C18:2) and Linolenic -
(Octadecatrienoic - C18:3) acids, with minor quantities of some other methyl esters 
and other compounds (Knothe 2009). The cetane number depends heavily on fatty 
acid composition and defines ignition quality parameters, hence, for biodiesel 
production, a mixture with a 5:4:1 ratio of C16:1, C18:1 and C14:0 fatty acid has 
been recommended (Schenk et al. 2008). 
 
The extracted amount of Myristic acid (C14:0) was very low at all temperatures and 
DBWR levels compared to other fatty acids. Interestingly, maximal amounts of 
Myristic acid (1.2 % of total FAME) were extracted at 70 ○C and low DBWR levels 
(25%), while minimal amounts (0.4%) were extracted at 110 ○C and 50% DBWR 
level (data not shown). Temperature and sample DBWR strongly affected extraction 
yields of Palmitic acid (C16:0) and Palmitoleic acid (C16:1), with increasing sample 
DBWR reducing yields (Figure 4.2 a and b). Highest amounts (~ 42 and 4.5 g 100 g-
1 of FAME, respectively) were extracted at a sample DBWR of 25% and 
temperatures of 100 °C and 90-120 °C, respectively, while lowest amounts were 
obtained at a sample DBWR of 75% at all temperatures, respectively. A sample 
DBWR of 50% and 100% at 90 °C and 70 °C yielded intermediate quantities of 
C16:0 (35 g 100 g-1 FAME and 23 g 100 g-1 FAME, respectively), while the second 
best yield of Palmitoleic acid (C16:1, 3.6 g 100 g-1 FAME) was achieved at 90 ○C 
and 75% DBWR. Samples with a DBWR of 25% at 70 °C extracted the highest 
percentage (20 g 100 g-1 FAME) of Stearic acid (C18:0), decreasing with increasing 
sample DBWR and temperature. The effect of temperature (70 - 120 ○C) and sample 
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DBWR (25%, 50%, 75% and 100%) on percentage extraction of individual fatty 
acids is shown in Figure 4.2 (a-e) for the fatty acids C16:0, C16:1, C18:1, C18:2 and 
C18:3. Selection of these fatty acids was based on extracted quantities and 
importance for optimal fuel properties. Based on the results, extraction procedures 
aiming at optimising Palmitic and Palmitoleic acid yields from the Tarong 
polyculture should use a sample DBWR of 25% and temperature between 100 °C 
and 110 °C. 
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(a) 
 
(b)
(c) 
 
(d)
(e) 
 
  
Figure 4.2: Effect of temperature and sample dry biomass water ratio (DBWR) on 
individual fatty acid extraction yields (g. 100 g-1 of FAME) (a) Palmitic acid C16:0 
(b) Palmitoleic acid C16:1 (c) Oleic acid C18:1 (d) Linoleic acid C18:2(e) α and γ-
Linolenic acid C18:3 of Tarong polyculture  
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In contrast, longer chain unsaturated fatty acids (C18) generally extracted better at 
increased levels of DBWR and the temperatures showing in (Figure 4.2 c-e). Oleic 
acid (C18:1) extracted best (~11 g 100 g-1 FAME) at either 100% or 25% sample 
DBWR at 90 -100 °C and 120 °C, respectively (Figure 4.2 c). Lowest amounts were 
extracted at 25% and 75% DBWR at 70 °C. In contrast, the level of DBWR, rather 
than temperature, strongly affected Linoleic acid (C18:2) yields, with highest 
amounts obtained at 50-75% sample DBWR across the entire temperature range 
(Figure 4.2 d).  Optimal yields of α- (37 g 100 g-1 FAME) and γ-Linolenic acid (36 g 
100 g-1 FAME) (C18:3) were obtained at 75% dryness at 70 °C and 110 °C, 
respectively, while a sample DBWR of 25% had the lowest yields (~19 and 21 g 100 
g-1 FAME, respectively) across the temperature range (Figure 4.2 e). The complete 
map of extraction of specific fatty acids under different temperature and DBWR 
levels is presented in Table 4.1. This table will be of value in selecting optimal 
operating conditions for extractions targeting fatty acid product development. Any 
particular combination of temperature and sample DBWR might be suitable for one 
purpose, such as biodiesel production, but may not be suitable for other 
requirements. 
Table 4.1: Extraction performance of some common fatty acids at different 
temperature (70 -120 ○C) and 4 different levels of sample DBWR 
 
Along with the quantity of total FAME, the composition of FAME is also important 
for biodiesel production. Although the highest lipid and FAME yield zones were at 
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70, 90 and 120○C and sample DBWR 50-75% (Appendix B.2), it is important to 
evaluate whether FAME composition is also optimal for biodiesel processing and 
production in a commercial facility at these settings. The fatty acid composition at 
the highest FAME yield zones are presented in Table 4.2, and detailed fatty acid 
compositions are presented in (Appendix B.3-B.6). Three examples are presented to 
demonstrate the significance of the selective extraction of individual or groups of 
fatty acids and their effects on fuel properties, namely: oxidation stability, cold filter 
plugging point and iodine value. 
Table 4.2: Fatty acid composition at highest FAME yield zone (70, 90 and 120○C 
and sample dryness 50-75%). 
Fatty Acid 50% sample dryness 75% sample dryness 
70 ○C 90 ○C 120 ○C 70 ○C 90 ○C 120 ○C 
g 100 g-1 FAME 
C14:0 0.7 0.4 0.5 0.5 0.6 0.4
C14:1 0.2 0.2 0.2 0.2 0.2 0.2
C15:0 0.8 0.6 0.9 0.6 0.6 0.5
C15:1 0.3 0.1 0.2 0.2 0.3 0.2
C16:0 21.8 35.2 23.5 16.5 29.1 24.7
C16:1 (7) 2.3 2.2 2.4 2 2.9 2.1
C16:1 cis 9 0.8 0.6 0.7 0.6 0.8 0.6
C16:2 (9,12) 0.6 0.4 0.5 0.6 0.5 0.5
C17:0 0.5 0.5 0.5 0.4 0.5 0.5
C16:3 (cis 6,9,12) 0.4 0.3 0.4 0.3 0.4 0.3
C16:3 (7, 10, 13)   2.8 2 2 3.9 2.2 3
C16:4 (4,7,10,13)  9.2 6.7 7.1 12.6 5.3 8.9
C18:0 4.3 2.4 2.3 2.4 2.6 1.7
C18:1  (cis) 8.8 8.2 10.6 6.6 10.9 8.6
C18:1  (cis 7 or 8) 1.5 1.6 1.6 1.1 2 1.3
C18:2 (cis, cis- 9,12)  6.1 5.4 6.7 5.4 6.5 5.9
C18:3 (all cis 6,9,12) 1 0.8 1 1.1 0.8 0.9
C 18:3 (all cis - 9,12,15)   31.3 27.8 32.2 37.3 28.8 33
C18:4 (6,9,12,15)   4.3 3.6 4.1 5.8 3 4.5
C 20:5  (EPA)   0.9 0.9 1.8 1.3 0.8 1.8
C22:0 0.9 0.3 0.4 0.3 0.3 0.2
C22:2 0.7 0.3 0.4 0.2
C24:0 - - 0.2 0.3 0.4 0.2
SFA 28.9 39.3 28.3 20.9 34.2 28.2
MUFA 13.8 12.9 15.8 10.7 17.2 12.9
PUFA 57.2 47.8 56 68.4 48.6 59
Oxidation stability is among one of the most important fuel properties for handling 
and distribution of any liquid fuel in large-scale production. In large scale biodiesel 
production, fuels need to be stored for a longer period, which may lead to oxidised 
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and degraded fuel quality.  In this regard, Palmitic - (C16:0) and Oleic - (C18:1) acid 
have a positive effect on oxidation stability, whereas Linoleic - (C18:2) and 
Linolenic acid (C18:3) have a negative effect (Richter et al. 1996). If extraction 
conditions are to be optimised for oxidation stability, C16:0 and C18:1 must be 
selectively extracted, whereas the C18:2 and C18:3 groups should not be favoured. 
Extraction conditions that meet these opposing requirements were found at 90 ○C. 
Extracted amounts of C16:0 were higher, and Linoleic and Linolenic acid quantities 
were lower at 90 ○C, compared to 70 ○C or 120 ○C. This signifies that under the 
optimal FAME yield settings, oxidation stability was best at 90○C.  
 
Another important fuel property is the cold filter plug point (CFPP), which is 
directly related to the amount of unsaturated fatty acids in the fuel. Higher amounts 
of unsaturated fatty acids yield a higher CFPP for biodiesel (Richter et al. 1996). 
Iodine value is also related to unsaturated fatty acid content, and is directly 
proportional to the unsaturated fatty acid quantity. Ten to 20% fewer unsaturated 
fatty acids were extracted at 90 ○C, compared to 70 and 120 ○C (Table 4.2), which 
means decreased CFPP and IV at this temperature. More details on fuel properties 
based of fatty acid profiles will be discussed in section 4.1.10. 
4.3.5. Comparison of ASE with other selected extraction methods 
The trialled ASE extraction technique will now be briefly discussed in context with 
three commonly used extraction techniques, namely: conventional organic solvent 
extraction, Soxhlet and super critical fluid extraction.  
 
Conventional solvent extraction has been extensively used for many applications 
(Pragya et al. 2013). The selection of appropriate polar/non-polar solvents for the 
particular species to be extracted is important for extraction performance (Mercer 
and Armenta 2011). Using co-solvents can assist in overcoming the polar/non-polar 
nature of some materials (Halim et al. 2012). This extraction process is 
thermodynamically limited by the lipid mass transfer equilibrium condition. 
Typically, all polar (mainly membrane lipid) and neutral lipid can be extracted but 
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the required large amounts of toxic solvents and the relative slowness of the process 
limit the application of this technique to the laboratory. This extraction process is 
thermodynamically limited by the lipid mass transfer equilibrium condition 
(Drapcho et al. 2008). 
 
To evade overcoming the equilibrium condition limitation, the Soxhlet apparatus is 
used where the cell wall is continuously replenished with fresh solvent, which is 
continuously recovered in a condenser, thus reducing solvent consumption (Agarwal 
2007; Rajasekar et al. 2010). The Soxhlet operation of hexane extractions of lipids is 
more efficient than the conventional solvent extraction used in (Halim et al. 2011), 
where it extracted 0.057 g lipid g-1 dried microalgae biomass compared to that of the 
conventional solvent extraction, which achieved (0.015 g lipid g-1 dried microalgae 
biomass) (Halim et al. 2011). Despite these advantages, the Soxhlet extraction 
method lipid/fatty acid extraction efficiencies are limited to co-solvents, which have 
a similar boiling temperature, thus limiting the placing of restrictions on the 
simultaneous extraction of membrane and neutral lipids, resulting in a reduction of 
the amounts of polyunsaturated fatty acids (An et al. 2012). The scale-up of the 
Soxhlet extraction method is also limited, due to its high energy requirements for 
continuous distillation of the large amounts of solvents required (Agarwal 2007; 
Shah et al. 2012).  
 
A modified solvent extraction, accelerated solvent extraction (ASE), using high 
pressures and temperatures, has been investigated and found to be highly efficient 
with maximal final lipid recovery of 90.21% of total lipid (Herrero et al. 2005). In 
the study presented here, ASE high pressure solvent extraction achieved a maximum 
lipid extraction of 31.5 g 100 g-1 dry microalgae biomass (Appendix B.2) from the 
chlorophytic microalgal Tarong polyculture. ASE can also be used with wet 
biomass, reducing sample pre-treatment costs and preparation time, compared to 
conventional hexane extraction. However, as shown here, ASE operating conditions 
with regards to temperature and moisture levels need to be fine-tuned for optimal 
membrane lipid or poly-unsaturated fatty acid extractions, as extraction of the latter 
is generally unfavourable for biodiesel production. Increasing the amounts of 
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linoleic and linolenic acid content of the extracts reduces oxidation stability of the 
fuel, but increases the cold filter plugging point, the latter is valuable for biodiesel 
applications in cold climates, while the former can cause problems if longer storage 
times are intended. Compared to supercritical fluid extraction (see below), the large 
amounts of solvents required for industrial-scale applications limit scalability 
somewhat, however, an advantage of ASE is that the instrumentation is readily 
available and that solvent use can be minimised through recycling. However, this 
study investigated the effect of ASE extraction parameters (DBWR and process 
temperature) on microalgae fuel properties for the first time. 
 
Supercritical fluid extraction is believed to be the most promising extraction 
technique of those reviewed here due to favourable mass transfer, solvent-free (other 
than CO2) and more time-efficient crude lipid extractions, compared to the other 
techniques. In-addition, use of co-solvents can manipulate the selectivity for certain 
compounds in the extract (Halim et al. 2012). However, the expensive pressure 
vessel installation cost and unfavourable energy requirements, as well as CO2-
demand, limit the scalability of supercritical fluid extraction at present.  
 
An optimum lipid extraction process at large-scale will be a trade-off between key 
factors including extraction efficiency, time taken, reactivity with lipids, capital cost, 
operating cost (including energy consumption), process safety and waste generation. 
The scale-up potential of each method is summarised in (Halim et al. 2012) and 
presented here, supplemented with our information in Table 4.3. 
Table 4.3: Comparison of four extraction techniques using key factors 
Extraction 
Technique 
Energy 
Consumption 
Extraction 
time 
Toxicity Scale-up 
potential 
Organic solvent moderate moderate high moderate 
Soxhlet  high moderate high lack of 
Super critical high low low moderate 
ASE high low high moderate 
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Some advantages of ASE extraction have been demonstrated, such as selection of 
process parameters for optimising FAME to lipid ratios, content and some desirable 
fatty acids, faster processing, and lower solvent use compared to conventional 
solvent extraction, but further work is required to fully assess the costs of energy 
consumption and the capital costs for the equipment for large-scale extraction. 
Higher temperature and pressure processes are used in many processing industries 
including the refining of crude oil; the viability of using higher temperature and 
pressure processes for algal oil extraction will be dependent upon the relative 
economics of alternate processes. Such a techno-economic analysis will require a 
detailed investigation of relevant specialised processing equipment and  
co-generation technology for the combustion of process waste to provide heat to the 
ASE extraction. Such analysis is not within the scope of the present focus of this 
paper, which is on temperature and moisture effects of extraction. This study will, 
however, assist in providing data for such future techno-economic studies. 
4.3.6. Fuel property analysis 
The primary purpose of this study was to examine the sensitivity of lipid/FAME 
extraction yields from microalgae to sample DBWR and temperature. Biodiesel has 
well established, standard fuel properties for use in regular diesel engines. The 
cetane number is one of the most significant indicators of fuel combustion ability 
(Zhu et al. 2011). The minimum desired cetane numbers of biodiesel are 47 and 51, 
according to  ASTM D6751 (Hoekman et al. 2012) and EN14214 standards, 
respectively (2009), while a maximum iodine value of 120 is defined in the EN 
14214 only.  
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 (a) (b) 
(c) (d) 
 
Figure 4.3: Effect of temperature and sample dry biomass water ratio (DBWR) on 
fuel properties (a) Cetane number (CN) (b) Iodine value (IV) (c) Kinematic viscosity 
(KV)  mm2s-1 and (d) Higher heating value (HHV) MJ kg-1 of extracted FAME of 
the Tarong polyculture. 
Increasing sample DBWR generally negatively affected cetane numbers and iodine 
values obtained for FAME extracts of the Tarong polyculture (Figure 4.3 a and b). A 
sample DBWR of 25% yielded the highest cetane number (54) irrespective of 
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temperature (Figure 4.3 a), positively correlating with extracted amounts of saturated 
fatty acids under those conditions (Figure 4.4 a). A sample DBWR of around 30% at 
temperatures between 70-75 ○C and 95-120 ○C was ideal for obtaining iodine values 
below the maximal threshold. The lowest cetane numbers were obtained at 75% dry 
matter content at 70 ○C. Thus to obtain biodiesel with high cetane numbers and 
iodine levels below the maximal threshold for the Tarong polyculture, high pressure 
extractions should be carried out at low sample DBWR (25%) and temperatures of 
70 and100 ○C, because it allows for blending to improve the cetane number of lower 
quality biodiesel. In contrast, temperature and sample DBWR had little influence on 
kinematic viscosity and higher heating value of biodiesel derived from the Tarong 
polyculture, with kinematic viscosity staying within the set standards of  1.9 - 6.0 
mm2·s-1 (ASTM D6751) and 3.5 - 5.0 mm2·s-1 (EN 14214) under all extraction 
conditions (Figure 4.3 c and d). 
 
The relative compositions of saturated and unsaturated fatty acid methyl ester are 
important parameters to be considered in assessing the overall quality of biodiesel. 
Figure 4.4 (a) shows that the saturated fatty acid concentration has a similar trend to 
the cetane number. 
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(a) 
 
(b) 
 
(c) 
 
Figure 4.4: Effect of temperature and dry biomass-water ratio (DBWR) on percent 
of extracted (a) saturated, (b) mono-unsaturated and (c) polyunsaturated fatty acid 
methyl esters (g 100g-1 of FAME) from the Tarong polyculture 
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Highest amounts of mono unsaturated fatty acids were achieved at 25% dryness 
from 90 to 120 ○C and at 75% DBWR at 90 ○C (Table 4.4 b), while 25% DBWR at 
70 ○C and 100 ○C extracted minimal amounts of polyunsaturated fatty acids  
(Figure 4.4 c). Thus, high pressure extraction conditions are inversely correlated for 
polyunsaturated fatty acid amounts and ideal cetane numbers. In addition; the 
amount of polyunsaturated fatty acid can also be used as an indicator for non-
compliant biofuel iodine values.  
 
4.4. Conclusion 
High-pressure solvent extraction under optimised extraction conditions (level of 
DBWR, temperature and to a lesser extent process time) could be a critical step 
forward for large-scale lipid extraction for biodiesel production from microalgae. 
The results of this study show that the efficiency of high-pressure, single solvent 
(hexane) extraction is strongly influenced by process temperature and sample 
DBWR rather than process time. Maximal total lipid yields from the Tarong 
polyculture were achieved at 90-120 °C at a sample DBWR of 50% and 75%. Our 
results show that individual fatty acids (Palmitic acid C16:0; Stearic acid C18:0; 
Oleic acid C18:1; Linolenic acid C18:3) extraction optima are influenced by 
temperature and sample DBWR. Therefore, biodiesel quality parameters of the 
microalgal biodiesel can be positively manipulated by selecting process extraction 
conditions that favour extraction of saturated and mono-unsaturated fatty acids over 
optimal extraction conditions for polyunsaturated fatty acids, yielding positive 
effects on the cetane number and iodine values, allowing for potential blending with 
biodiesels that fall outside the minimal cetane and maximal iodine values. For the 
first time this study investigated the effect of ASE extraction parameters (DBWR 
and process temperature) on fuel properties of microalgae. 
Acknowledgement  
The project is supported by the Advanced Manufacturing Cooperative Research 
Centre, funded through the Australian Government’s Cooperative Research Centre 
Scheme, grant number 2.3.2. The funders had no role in study design, data collection 
Oil extraction  Chapter-4 
104 | P a g e  
 
and analysis or preparation of the manuscript and have provided permission to 
publish. The authors acknowledge the North Queensland Algal 
Identification/Culturing Facility (NQAIF) at James Cook University for providing 
access to biomass and analytical facilities. The author also acknowledges the 
Institute of Future Environments (IFE) at Queensland University of Technology for 
providing specialist extraction facilities and financial support from a QUT post 
graduate research scholarship. 
  
A special acknowledgement to staff at the MBD Energy/James Cook University 
Microalgae R&D site for cultivation/harvesting and drying of materials and the QUT 
laboratory technician, Mr. Shane Russel, and undergraduate students, Mr.Chau Pei 
Lin and Mr.Chai Jie Hao, for their valuable contribution in extracting the biomass. 
 
 
 
 
 
 
 
 
 
 
 
 
 
M.A.  Islam (2014) PhD Thesis- Microalgae biodiesel for the compression ignition (CI) engine 
105 | P a g e  
 
 
 
 
 
 
 
 
{This page is intentionally left blank} 
Pilot-scale oil extraction  Chapter-4 
106 | P a g e  
 
4.5. Pilot-scale oil extraction 
The first paper in this chapter concerned the optimisation of a specific extraction 
technique - accelerated solvent extraction (ASE). This paper complements that 
specific study using a pilot-scale oil extraction from microalgae by assessing two 
different extraction methods with different solvent was tested at bench scale. The 
outcome was to find a suitable large-scale process to extract sufficient biodiesel 
from the 100 dry algae feedstock to undertake the engine tests performed in this 
thesis.  
Evaluation of a Pilot-Scale Oil Extraction 
from Microalgae for Biodiesel Production 
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Abstract 
Biodiesel derived from microalgae is one of a suite of potential solutions to meet the 
increasing demand for a renewable, carbon-neutral energy source. However, there 
are numerous challenges that must be addressed before algae biodiesel can become 
commercially viable. These challenges include the economic feasibility of 
harvesting and dewatering the biomass and the extraction of lipids and their 
conversion into biodiesel. Therefore, it is essential to find a suitable extraction 
process  given these processes presently contribute significantly to the total 
production costs which, at this stage, inhibit the ability of biodiesel to compete 
financially with petroleum diesel. This study focuses on pilot-scale (100 kg dried 
microalgae) solvent extraction of lipids from microalgae and subsequent 
transesterification to biodiesel. Three different solvents (hexane, isopropanol (IPA) 
and hexane + IPA (1:1)) were used with two different extraction methods (static and 
Soxhlet) at bench-scale to find the most suitable solvent extraction process for the 
pilot-scale. The Soxhlet method extracted only 4.2% more lipid, compared to the 
static method. However, the fatty acid profiles of different extraction methods with 
different solvents are similar, suggesting that none of the solvents or extraction 
processes were biased for extraction of particular fatty acids. Considering the cost 
and availability of the solvents, hexane was chosen for pilot-scale extraction using 
static extraction. At pilot-scale, the lipid yield was found to be 20.3% of total 
biomass which is 2.5% less than from bench scale. Extracted fatty acids were 
dominated by polyunsaturated fatty acids (PUFAs) (68.94±0.17%) including 
47.7±0.43 and 17.86±0.42% being docosahexaenoic acid (DHA) (C22:6) and 
docosapentaenoic acid (DPA) (C22:5, ω-3), respectively. These high amounts of 
long chain, poly unsaturated fatty acids are unique to some marine microalgae and 
protists and vary with environmental conditions, culture age and nutrient status, as 
well as with cultivation process. Calculated physical and chemical properties of 
density, viscosity of transesterified fatty acid methyl esters (FAMEs) were within the 
limits of the biodiesel standard specifications as per ASTM D6751-2012 and  
EN 14214. The calculated cetane number was, however, significantly lower 
(17.8~18.6) compared to ASTM D6751-2012 or EN 14214-specified minimal 
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requirements. We conclude that the obtained microalgal biodiesel would likely only 
be suitable for blending with petroleum diesel to a maximum of 5 to 20%. 
Keywords— Microalgae, Lipid/Fatty acid extraction, Biodiesel, Fuel properties  
4.5.1. Introduction 
Commercial interest in microalgae-based products is mainly focussed on food 
supplements, beta-carotene and related pigments for neutraceuticals and the food 
market (Olaizola 2003; Shahidi 2006; Cooney et al. 2009). On the other hand, 
extraction of bio-oils/lipids from microalgae for biodiesel production is relatively 
new and immature at large scale. The downstream process technologies, including 
dewatering, extraction of lipids and fractionation, remain critical steps to be 
addressed for commercial-scale biodiesel production from microalgae. Lipids are 
mainly classified on their chemical characteristics (Gong and Jiang 2011; Singh and 
Dhar 2011; Borowitzka and Moheimani 2013). Polar lipids (phosphoglycerides and 
glycosylglycerides) function in membrane formation and fluidity, while non-polar 
lipids, such as sterols, hydrocarbons, waxes and triacylglycerides (TAGs, also 
known as neutral lipids) are storage lipids (Greenwell et al. 2010; Singh and Dhar 
2011). TAGs are the most suitable compound for biodiesel production, if mechanical 
extraction is possible with the microalgal biomass (Sheehan et al. 1998). At 
laboratory-scale, many different extraction processes have been trialled, for example 
mechanical disruption, supercritical fluid extraction and solvent extraction, but 
implementation at pilot-scale for biodiesel production from microalgae remains a 
hurdle. Mechanical disruption methods such as homogenisation using, for example, 
bead milling or pressing, aim to break the cells walls (if present) and extract the 
intercellular materials  (Chisti 1986; Greenwell et al. 2010; Mercer and Armenta 
2011). A major advantage of mechanical disruption is the reduced risk of chemical 
(solvent) contamination of the extracted TAGs, while the presence of tough cell 
walls and extraction efficiency (e.g. incomplete extraction) can be disadvantages 
(Cooney et al. 2009). Supercritical fluid extraction (SPE) relies on the supercritical 
state of a gas, which is achieved by keeping temperature and pressure above the 
critical point, where density (ρ) is between the gas and the liquid phase, which 
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governs the dissolving power of the supercritical fluid, and viscosity (γ) is similar to 
the gas (Herrero et al. 2006; Cooney et al. 2009). The most commonly used solvent 
is carbon dioxide (CO2), due to low critical temperature (31.1°C) and pressure (74 
bar) and the added advantages of chemical inertness, low toxicity, relative pricing, 
availability and demonstrated capacity for implementation in pilot-scale extraction 
processes (Nodar et al. 2002; Mercer and Armenta 2011), while infrastructure costs 
(at scale) and energy consumption are the main hurdles (Cooney et al. 2009). 
 
On the other hand, algal lipids are most commonly extracted using solvents because 
of convenience and low setup cost (Islam et al. 2013). Extraction efficiencies are 
enhanced when the solvent can penetrate algal cells and match the polarity of the 
crude lipids. As a result, non-polar solvents extract non-polar lipids, whereas polar 
lipids associated with the cell membrane, are extracted by polar solvents (Halim et 
al. 2012). High lipid yields can be achieved using non-polar solvent along with a 
polar co-solvent (Cooney et al. 2009; Sing et al. 2013). For example, using n-hexane 
and isopropanol for extraction produced higher lipid yields compared to n-hexane 
extraction (Halim et al. 2012). In this case, the polar isopropanol disrupts the 
membrane-based lipid-protein interactions by forming hydrogen bonds with the 
polar lipids (Halim et al. 2011), allowing better access for the non-polar solvent. 
Solvent extraction, particularly in rural and remote areas, has a greater potential for 
pilot-scale biodiesel production, as the solvents can be reused after extraction 
(Mercer and Armenta 2011). 
 
In this study, dry microalgae biomass was extracted at pilot-scale with the non-polar 
solvent n-hexane. Prior to this, bench-scale extractions were performed to 
investigate the effect of extraction procedure (static vs. Soxhlet) and solvents (n-
hexane, isopropanol and n-hexane/isopropanol mixtures) on lipid extraction 
efficiency and fatty acid methyl ester (FAME) profiles. Isopropanol yielded 
marginally (1~2%) more lipids than the other two solvents in both extraction 
procedures. However, n-hexane was chosen for pilot-scale extraction, as it is 
inexpensive, readily available, and can be easily recovered from the mixture.  
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4.5.2. Materials and methodology 
Fatty acids were extracted from dry microalgae biomass (heterotrophic 
dinoflagellate: Crypthecodinium cohnii), obtained from Martek Biosciences 
Corporation, USA in a single-step extraction and transesterification procedure 
modified from Rodriguez-Ruiz et al. (Rodriguez-Ruiz et al. 1998) and Cohen et al. 
(Cohen et al. 1988), followed by GC-MS analysis. Approximately 30 mg biodiesel 
was diluted 50x in hexane containing 0.01 % butylated-hydroxy-toluene (BHT) as 
an antioxidant. Following this, 2 mL freshly prepared methylation reagent 
(methanol:acetylchloride, 95:5 (v/v)) and 300 µL internal standard (nonadecanoic 
acid (C19H38O2; >99%, Sigma Aldrich, Castle Hill, NSW, Australia), 0.2 mg L-1 in 
methanol) was added to 1 mL biodiesel containing hexane (~0.6 mg biodiesel mL-1). 
Samples were heated at 100°C for 1h and allowed to cool, after which 1 mL de-
ionised water was added to facilitate phase separation. The hexane phase containing 
the FAMEs was collected and filtered through a 0.2 µm PTFE syringe filter prior to 
injection on the GC column. All solvents were HPLC grade. 
 
Fatty acid analysis was carried out in scan-mode on an Agilent 7890 GC (DB-23 
capillary column with cyanopropyl stationary phase (60 m x 0.55 mm, inner 
diameter 0.15 μm) equipped with flame ionisation detector (FID) and connected to 
an Agilent 5975C electron ionisation (EI) turbo mass spectrometer (Agilent 
technologies), for identification of fatty acid methyl esters (FAMEs). Injector and 
FID inlet temperatures were 150 °C and 250 °C, respectively (split injection, 1/50). 
Column temperature was programmed following David et al. (David et al. 2002); to 
ramp from 50 °C to 230 °C. Fatty acids were identified using external standards 
(Sigma Aldrich) and NIST08 Mass Spectral Library and the total fatty acid content 
was determined as the sum of all FAMEs corrected for recovery of the internal 
standard (C19:0). 
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4.5.3. Solvent selection 
In order to determine the most efficient and economical extraction procedure for 
pilot-scale production of microalgal biodiesel selecting a solvent or co-solvent 
mixture yielding the highest lipid extraction efficiency was required. Based on 
published information (Doucha and Lívanský 2008; Halim et al. 2011) on extraction 
efficiencies of microalgal lipids, n-hexane and isopropanol (IPA), as well as a co-
solvent mixture of n-hexane/isopropanol, were selected as solvents. In addition, 10 g 
dry microalgae biomass (DW) was extracted in the above solvents by either Soxhlet 
or static procedures for approximately 24 h. 
 
Maximal total lipid extraction and FAME yields were achieved with IPA (total lipids 
28% of DW and total FAME 19.7% of DW, respectively) using the Soxhlet process 
(Table 4.4), suggesting that the IPA/Soxhlet procedure extracted slightly more polar 
cellular compounds. In contrast, total lipid yields (23.8% of DW) were identical for 
IPA and the n-hexane:IPA mixture, while the mixture yielded more total FAMEs, 
followed by single solvent extraction with n-hexane and IPA, respectively (Table 
4.4). In contrast, use of the co-solvent mixture in the Soxhlet extraction had the 
lowest total lipid yield but a comparable FAME yield to IPA/Soxhlet extraction 
(Table 4.4). The overall lower total lipid yield in the IPA/Soxhlet procedure can be 
explained by back drainage of the lipid/hexane mixture (hexane boiling point: 68°C), 
reducing the overall temperature and preventing IPA in reaching its boiling point 
(83°C). Only marginal differences in total FAME yields (~3% or less) were 
recorded, independent of extraction procedure or solvent choice (Table 4.4). 
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Table 4.4: Total lipid yields and fatty acid methyl esters (FAME) from microalgae 
using different solvents and extraction procedures. 
Extraction 
Method  Solvent 
Algae DW 
biomass 
(g) 
Total lipid 
(% of DW 
biomass) 
Total FAME 
(% of DW 
biomass) 
Soxhlet Hexane 10.0 27.0 16.6
Isopropanol 10.0 28.0 19.7 
Hexane-IPA 10.0 26.0 19.6 
Static Hexane 10.1 22.8 17.3 
Isopropanol 10.1 23.8 16.9
Hexane-IPA 10.1 23.8 18.2 
 
Extracted FAME profiles are largely independent of solvent and/or extraction 
procedure used, except of the consistent extraction of alpha-Linolenic acid  
(C18:3 n-3) in the static extraction procedure, while this fatty acid was not extracted 
in the Soxhlet procedure (Table 4.5). Therefore, method and solvent choice for the 
pilot-scale extraction should only minimally influence fatty acid profiles and thus 
fuel properties. 
Table 4.5: Fatty acid methyl ester (FAME) profiles of different extraction methods 
and solvents 
FAME  
Soxhlet  method  
Extracted FAME (mg/g DW) 
Static method  
Extracted FAME (mg/g DW) 
Solvent Solvent 
Hexane IPA Hexane-IPA Hexane IPA Hexane-IPA 
C14:0 64.1 65.2 67.8 63.3 66.5 67.2 
C16:0 165.7 167.3 173.4 169.5 171.5 176.0 
C18:0 4.5 4.2 4.6 4.5 4.7 4.3 
C18:3 n-6  3.0 2.8 3.6 3.5 3.0 3.3 
C18:3  n-3  0.0 0.0 0.0 3.9 2.7 3.5 
C20:3  3.7 3.6 4.1 4.9 4.1 4.1 
C20:4  4.3 4.8 5.4 6.8 5.2 5.4 
C20:5 9.7 11.8 12.8 8.1 11.6 13.4 
C22:5 103.7 115.0 119.2 134.6 125.4 137.8 
C22:6 251.1 311.3 327.8 360.3 315.8 350.8 
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Therefore, n-hexane was chosen together with static extraction, because: hexane is 
cheap in relation to other solvents on the market, especially in regards to IPA; 
readily available; and generated only 1% less total lipid yields compare to IPA in 
both methods. 
4.5.4. Static n-Hexane extraction 
Static extraction with n-hexane in 55 L pneumatically controlled rocking extraction 
vessels met all the design requirements, as ~ 98% of n-hexane can be efficiently 
recycled for re-use, and it significantly reduced production costs. The simultaneous 
use of three vessels additionally decreased extraction time. 
   
For extraction, biomass was divided into four batches. The first batch (10 kg) was 
used for trial extraction to optimise the extraction process. A single extraction cycle 
was determined based on the plateauing of lipid yields, as any additional cycles 
would negatively impact production costs. As such, dry microalgae biomass was 
incubated with hexane in 55 L pneumatic rocking vessels for 28 to 30 hours. The 
total lipid/hexane extracts were filtered through Whatman No.1 filter paper into a 
separate vessel for further downstream processing. Residual total lipid still contained 
in the extracted biomass was sacrificed to save on solvent, time and labour costs. As 
a consequence, some n-hexane was lost. The remaining hexane was recovered from 
the total lipid by distillation using a rotary evaporator. Recovered n-hexane was used 
in the subsequent extractions whereas the fatty acids contained in the total lipid 
extract were transesterified to FAMEs (biodiesel). 
4.5.5. Transesterification and FAME profile analyses 
Transesterification of the fatty acids was carried out in the presence of KOH as a 
catalyst. To optimize the amount of KOH, temperature and time, three different 
commercially available vegetable oils (canola oil, sunflower oil and peanut oil) with 
acid values of 0.2 were transesterified. 100 mL of vegetable oil transesterified with 
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0.79 g 85% KOH in 12.5 mL 99.8% methanol at 55 oC on a magnetic stirrer hot 
plate, yielded the best results. 
4.5.5.1. Pilot-scale transesterification procedure 
For practical reasons, total extracted lipids were divided into 2 L aliquots in a 5 L 
glass beaker on a magnetic stirrer hot plate. Then, 15.8 g of 85% KOH was 
dissolved in 250 mL of 99.8% methanol and slowly added to the oil at 55 oC under 
constant stirring. The colour of the mixture changed from mid-brown to almost 
black after approximately 5 minutes and a concomitant rise in temperature of ~3 oC 
was observed, confirming completion of the transesterification reaction (Figure 4.5). 
Stirring at 55 oC was continued for 30 minutes before transfer to a glass separation 
funnel (Figure 4.5). A heavy black layer settled at the bottom; while the top layer 
containing the FAMEs was sparged with approximately 100 mL min-1 of instrument 
air over 48 h before draining of the bottom layer. The pH of the top layer was 
adjusted to ≥ 7and filtered through Whatman no.1 analytical filter paper. The filtered 
FAME was then left to settle for a minimum of 48 h before re-filtering through 
Whatman no.1 filter paper to remove precipitation and produce very clear FAME. 
Some FAME was lost through filtration and when draining off the glycerine. At this 
scale of work, recovery would not have been economical. The resulting biodiesel 
yields (Table 4.6) and FAME profiles (Table 4.7) were very consistent in all 
different batches. The FAME profile was also found to be very consistent in all 
different batches (Table 4.7) with less than 0.3% standard deviation. Interestingly 
the α-Linolenic acid was not extracted in the pilot-scale static n-hexane extraction, 
while it was present in the bench-scale procedure. 
Table 4.6: Conversion performance of microalgae biodiesel from extracted raw oil 
Batch Total lipid (kg) Process (L) Biodiesel (L) Biodiesel (kg) 
0 2.2 1×2 2 1.8 
1 5.9 3×2 6 5.4 
2 5.9 3×2 6 5.4 
3 6.3 4×2 7.8 7 
Total 20.3  21.8 19.6 
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Figure 4.5: Chronological view of microalgae biodiesel production through 
transesterification 
Table 4.7: Fatty acid methyl ester (FAME) content (mg g-1 biodiesel) of three 
different batches of biodiesel using static hexane extraction and alkali-catalysed 
transesterification 
FAME Batch-1 Batch-2 Batch-3 Standard deviation 
C14:0 68.45 63.70 64.63 0.07 
C16:0 181.73 170.92 173.48 0.16 
C18:0 4.96 4.23 4.15 0.04 
C18:3 n-6  3.27 3.09 3.43 0.03 
C20:3  4.11 4.14 3.91 0.02 
C20:4  5.75 5.55 5.64 0.01 
C20:5 (EPA)  13.67 13.35 13.85 0.06 
C22:5 146.05 138.27 138.74 0.04 
C22:6 (DHA) 392.46 371.06 367.16 0.29 
4.5.5.2. Fuel properties 
The obtained biodiesel was characterised for its fuel properties by measuring density 
(ρ), kinematic viscosity (υ) and higher heating values and estimating the cetane 
number and oxidation stability based on the FAME profile (Table 4.8). Fuel 
properties were compared to relevant standards ASTM D6751-2012 and EN 14214 
to determine whether they could be used in a diesel engine. Kinematic viscosity (υ) 
was calculated from the measured dynamic viscosity/ measured density (ρ) of the 
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fuel. Dynamic viscosity and density (ρ) were measured using a Brookfield DV-III 
rheometer and KSV Sigma 702 tensiometer, respectively. Various limitations during 
testing of density (ρ) led to the inability to heat the fuel to 40°C, which was required 
for kinematic viscosity (υ) by the standards. Nevertheless, density (ρ), oxidation 
stability and calorific value all fit within the desired range. 
Table 4.8: Microalgae biodiesel fuel properties 
Properties 
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 (g/cm3) @40 ○C 
(mm2/s) 
 (MJ/kg) (Hour) 
ASTM D6751-2012 - 1.9-6.0 47 - ≥3 
EN 14214 0.86-0.90 3.5-5.0 51 - ≥6 
Biodiesel_Batch-1 0.89 5.97 17.8a 39.8 3.09b 
Biodiesel_Batch-2 0.89 5.43 18.3a 39.9 3.17b 
Biodiesel_Batch-3 0.89 5.52 18.6a 39.9 3.19b 
a Estimated using algorithm on (Krisnangkura 1986);  bestimated using algorithm on  
(Wang et al. 2012). 
4.5.6. Conclusion 
An investigation into the extraction of total lipids from dry microalgae biomass on a 
pilot-scale was performed, in order to determine whether the processes and 
equipment could be used at an industrial level. Static extraction using n-hexane as a 
solvent produced a total lipid yield of 20.3 wt% of dry biomass from an initial 
supply of 100 kg of microalgae. Transesterified fatty acids (FAMEs), which are the 
biodiesel portion of the total lipid fraction, were recovered with 97% efficiency. The 
remaining 3% of the biodiesel was lost through partitioning of the glycerol and 
filtration, but it was not recoverable in this set up due to economic constraints. Given 
the consistencies of biomass extraction and FAME yields and profiles, it would be 
beneficial to trial the extraction procedure at industrial-scale, using at scale 
professional processing equipment to ascertain whether consistencies can be 
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reproduced at scale, solvent recovery can be further improved and FAME losses can 
be minimised The recycling efficiency of 97% of the solvent n-hexane is 
encouraging despite the low technical equipment configuration, suggesting that 
solvent re-use would make industrial-scale transesterification of microalgal total 
lipids very cost competitive. It can be anticipated that de-watering and drying of the 
microalgal biomass would be the most energy demanding and costly production 
steps (Klein‐Marcuschamer et al. 2013). It would therefore be desirable to extract 
total lipids from microalgal-wet biomass, and research into this topic could further 
improve microalgal biodiesel economics.  
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Abstract 
Mono-alkyl esters derived from vegetable oils or animal fats are known as biodiesel and are 
emerging as a suitable alternative to petroleum diesel around the world. Depending upon the 
source materials and geographic origin, the composition of fatty acid ester profiles is variable 
which significantly influences fuel properties. Structural features of fatty acids, including 
degree of unsaturation, percentage of saturated fatty acids and average chain length, influence 
important fuel properties such as cetane number, iodine value, density, kinematic viscosity, 
higher heating value and oxidation stability. The composition of fatty acid esters within the 
fuel should therefore be in the correct ratio to ensure fuel properties are within international 
biodiesel standards such as ASTM 6751 or EN 14214. This study scrutinises the influence of 
fatty acid composition and individual fatty acids on fuel properties. Fuel properties were 
estimated based on published equations, and measured according to standard procedure 
ASTM D6751 and EN 14214 to confirm the influences of the fatty acid profile. Based on 
fatty acid profile-derived calculations, the cetane number of microalgae biodiesel was 
estimated to be 11.6, but measured 46.5, which emphasises the uncertainty of the method 
used for cetane number calculation. Multi-criteria decision analysis (MCDA), 
PROMETHEE-GAIA, was used to determine the influence of individual fatty acids on fuel 
properties in the GAIA plane. Polyunsaturated fatty acids increased the iodine value and had 
a negative influence on cetane number. Kinematic viscosity was negatively influenced by 
some long chain polyunsaturated fatty acids such as C20:5 and C22:6 and some of the more 
common saturated fatty acids C14:0 and C18:0. The positive impact of average chain length 
on higher heating value was also confirmed in the GAIA plane. 
 
Keywords: Microalgae, Fatty acid, Fuel property, Biodiesel standard, PROMETHEE-GAIA 
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5.1. Introduction 
Biodiesel is a mixture of fatty acid alkyl esters produced by transesterification of animal fat 
or vegetable oil (Ganapathy et al. 2011). Biodiesel standards ASTM D6751 (American 
Society for Testing and Materials) and EN 14214 (European Standard) were introduced to 
ensure high product quality and to improve consumer confidence (Knothe 2005). The use of 
neat fatty acid methyl esters (FAME), or as a blend with petroleum diesel, is a promising 
alternative to the use of pure petroleum diesel because it is renewable, reduces emissions of 
particulate matter, hydrocarbons, carbon monoxide, and life cycle net carbon dioxide 
emission (Klopfenstein 1985; Sheehan et al. 1998; McCormick et al. 2001; Yuan et al. 2009).  
The suitability of a vegetable oil for biodiesel ultimately depends on its fatty acid 
composition and many of the fuel properties are determined by the structure of the fatty esters 
comprising biodiesel (Knothe 2005). These fatty acid ester-influenced biodiesel fuel 
properties include cetane number (CN), iodine value (IV), higher heating value (HHV), 
density (ߩ), kinematic viscosity (KV), cold filter plugging point (CFPP) and oxidation 
stability (OS). 
The CN is one of the important indicative parameters for combustion characterisation of fuel 
(Klopfenstein 1985). The ASTM D613 is a widely recognised standard for CN testing, but 
there are some drawbacks including the large amount (~1L) of fuel sample required, the time 
consumed, high reproducibility error and relatively high cost (Kousoulidou et al. 2010). To 
reduce the time and cost for CN testing, several equations have been published to predict the 
CN, based on the fatty acid composition in the biodiesel (Krisnangkura 1986; Van Gerpen 
1996; Heck et al. 1998; Ramírez-Verduzco et al. 2012). This study investigates the goodness 
of fit between the estimated CN and the measured CN according to DIN 51773 in order to 
answer the question as to whether the CN can be accurately predicted based on fatty acid 
ester-based calculations. 
Another important parameter for biodiesel is density (ߩ), because the injection system pumps 
and the injector should deliver the appropriate amounts of fuel for complete combustion 
(Song et al. 2008). It has been shown that ߩ	is the most influential parameter for the amount 
of mass injection (Ajav et al. 1998; Challen and Baranescu 1999). Several models for 
calculating ߩ	for	biodiesel fuel (Can et al. 2004; Lapuerta et al. 2008; Ramírez-Verduzco et 
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al. 2012) have been proposed. In this study, the ߩ	of FAME was estimated from mass fraction 
of each fatty acid (Ramírez-Verduzco et al. 2012) and compared with the measured value 
according to  ASTM D4052. PROMETHEE-GAIA was then used to assess the influence of 
each fatty acid on fuel properties. 
The higher viscosity of neat vegetable oils or fats compared to petroleum diesel is the main 
reason for transesterification to reduce the KV before use in engines (Hulwan and Joshi 
2011). Despite transesterification, the viscosities of biodiesel are still slightly higher than 
petroleum diesel. The influence of fatty acid composition on viscosity has been discussed in 
the literature (Liew et al. 1992; Macor et al. 2011; Ramírez-Verduzco et al. 2012). The 
structural features of fatty acids, such as chain length and degree of unsaturation (DU), has 
positive influence on KV of the fatty esters. The present work investigates the influence of 
fatty acid structure between estimated (Ramírez-Verduzco et al. 2012) and measured 
kinematic viscosities according to ASTM D445.  
The higher heating value (HHV) of biodiesel is an important parameter, which can be 
predicted from the chemical composition of biodiesel. The HHV of biodiesel is around 10% 
lower than petroleum diesel (44 MJ.kg-1). The HHV, also called the gross calorific value of 
fuel, considers the complete combustion of fuel with all carbon converted to CO2 and all 
hydrogen to H2O (Friedl et al. 2005). Numerous works have been published to relate the 
HHV of fuel to the chemical compositions (amount of carbon, hydrogen, nitrogen, oxygen) 
(Um and Kim 2009; Dragone et al. 2010; Huang et al. 2010; Singh and Singh 2010; Ramírez-
Verduzco et al. 2012). This work presents the influence of individual fatty acids and their 
composition in a fuel to the estimated (Ramírez-Verduzco et al. 2012) and measured HHVs 
according to ASTM D 240-09. The oxidation stability (OS) and iodine value (IV) of biodiesel 
are two important properties which are directly related to the amount of unsaturated fatty acid 
methyl esters. It has been reported that the IV increases linearly with DU, whereas OS 
decreases linearly with an increase in polyunsaturated fatty acids (Wang et al. 2012). 
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5.2. Materials and Method 
5.2.1. Materials 
Nine types of FAME from different sources - 1 animal fat, 7 plant oils (4 fractionated palm 
oils, canola, cotton seed oil, waste cooking oil) and 1 microalgal oil (Crypthecodinium 
cohnii) - were investigated in this study. Microalgae fatty acid methyl esters (MAME) were 
derived from extracted lipids in a pilot scale extraction process, whereas canola oil methyl 
esters (CNL), tallow and four different fractionated palm oil methyl esters (POME) named by 
their dominant carbon chain lengths, i.e.POME810, POME1214, POME1618, and 
POME1822 (Pham et al. 2013) were collected commercially from Procter and Gamble 
Chemicals. The detailed fatty acid methyl ester composition is shown in Table 1. Waste 
cooking oil biodiesel (WCO) and cotton seed oil biodiesel (CSO) were supplied by EcoTech 
biodiesel, and the Centre for Tropical Crops and Biocommodities (CTCB), Australia, 
respectively. The detailed procedure for the transesterification of microalgal lipids is 
described in (Islam et al. 2014). 
5.2.2.  Methyl ester property analysis 
Physical and chemical properties such as CN, ρ, KV, and HHV were measured following 
standard DIN 51773, ASTM D4052, and ASTM D445 respectively. Along with these 
properties, OS and IV were also estimated from the fatty acid profile of all FAMEs (Table 1). 
FAME analysis was carried out as per (Gosch et al. 2012) in scan-mode, on an Agilent 7890 
GC equipped with a flame ionisation detector (FID) and connected to an Agilent 5975C 
electron ionisation (EI) turbo mass spectrometer (Agilent Technology Australia Pty Ltd.). 
The detailed process of fatty acid peak identification is outlined in (Islam et al. 2013).  
Fuel properties, CN, ߩ, KV, HHV, IV and OS, were estimated using empirical equations 
proposed by (Klopfenstein 1985; Krisnangkura 1986; Ramírez-Verduzco et al. 2012; Wang et 
al. 2012) and compared with measured values of CN, ߩ, KV, HHV to assess the accuracy of 
proposed calculation methods. PROMETHEE-GAIA (a multi-criteria analysis) was used to 
determine the influence of individual FAMEs on particular fuel properties and to identify the 
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lacking in the estimation methods. In general, the criteria (fuel properties and fatty acids) that 
lie close to (±45°) are correlated, while those lying in opposite directions (135−225°) are anti-
correlated, and those situated roughly in the orthogonal direction have no or little influence 
(Espinasse et al. 1997). As the effect of FAME profile on fuel property was investigated, the 
preference function was set to maximum for all criteria, and weighting was considered equal 
for all criteria in this analysis. 
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Table 5.1: Fatty acid methyl ester (FAME) profiles of nine biodiesels (g 100 g-1 of FAME) 
Fatty acid 
 POME-C810a POME-C1214a POME-C1618a POME-C1822a CNL CSO Tallow WCOb MAMEb  
Fuel full 
name Palm oil methyl ester (Fractionated in different chain length) Canola oil methyl ester 
Cottonseed oil 
methyl ester 
Tallow oil 
methyl 
ester 
Waste cooking 
oil methyl 
ester 
Microalgae  
(Crypthecodinium 
cohnii) oil methyl ester 
Source Procter and Gamble Chemicals NQPB P/L   CTCB NQPB P/L Ecotech Biodiesel P/L NQAIF 
C8:0 Caprylic acid 52.16 - - - - - - - - 
C10:0 Decanoic acid 46.38 0.17 - - - - 0.36 - - 
C12:0 Luric acid 1.38 47.80 0.10 - 0.31 - 0.09 - - 
C14:0 Myristic acid - 18.89 0.06 0.03 0.35 0.53 3.07 - 8.30 
C14:1 Myristoleic acid - - - - - - 0.33 - - 
C15:0Pentadecanoic acid - - 0.03 0.02 - - 0.47 - - 
C16:0 Palmitic acid - 10.19 21.00 4.45 11.93 2.51 26.62 11.23 22.20 
C16:1 Palmitoleic acid - - - 0.12 0.22 0.55 3.13 - - 
C17:0 Margaric acid - - 0.06 - 0.05 0.07 1.28 - - 
C18:0 Stearic acid - 2.55 9.47 2.53 2.43 4.13 19.89 3.49 0.56 
C18:1 (cis) Oleic acid - 18.53 58.72 68.13 52.01 35.78 38.48 64.36 - 
C18:1 (trans) Oleic acid - - - 3.96 3.75 - 3.18 2.67 - 
C18:2 Linoleic acid - 1.76 7.50 18.69 26.87 55.04 2.57 18.25 - 
C18:3 Linolenic acid - - - - - - - - 0.41 
C20:0 Arachidic acid - 0.08 0.30 0.49 0.32 0.31 0.13 - - 
C20:1 Eicosenoic acid - - 0.24 1.03 0.57 0.30 0.31 - - 
C20:3 Eicosatrienoic acid - - - - - - - - 0.51 
C20:4 Arachidonic - - - - - - - - 0.72 
C20:5 Eicosapentaenoic  acid (EPA) - - - - - - - - 1.73 
C22:0 Behenic acid - 0.03 0.03 0.17 0.16 0.13 - - - 
C22:5 Docosapentaenoic acid (DPA) - - - - - - - - 17.86 
C22:6 Docosahexaenoic acid  (DHA) - - - - - - - - 47.71 
C24:0 Lignoceric acid - - - - - 0.06 - - - 
C16:0 Mono glyceride - - - - - 0.15 0.04 - - 
C18:1 Mono glyceride - - - 0.38 1.03 0.43 0.05 - - 
Oleyl oleate - - 2.48 - - - - - - 
Glycerol 0.08 - - - - - - - - 
SFAs 99.92 79.71 31.06 7.70 15.55 7.75 51.91 26.53 31.06 
MUFA 0.00 18.53 58.96 73.23 56.55 36.63 45.43 50.69 0.00 
PUFA  0.00 1.76 7.50 18.69 26.87 55.04 2.57 22.55 68.94 
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CTCP: QUT Centre for Tropical Crops and Bio-commodities. NQAIF: North Queensland Algal Identification/Culturing Facility, NQPB: North Queensland & 
Pacific Biodiesel Pty Ltd. a published by (Rahman et al. 2014), b published by (Islam et al. 2015) . 
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5.2.3. Fuel property 
5.2.3.1. Cetane number 
The CNs of different vegetable oils and microalgal FAMEs were measured using the 
procedure outlined by the German DIN51773:2010-04 standard as specified in (Bodisco et al. 
2013) at the Karlsruhe Institute of Technology, Germany. Two reference fuels: n-cetane, 
C16H34 (CN 100), and 1-methylenapthalene, C11H10 (CN 0) with a purity ≥ 95% (m/m) were 
blended to replicate the ignition quality of the test fuel. The ignition delay of the test fuel was 
then compared with the blend fuel to determine the CN in a BASF (Badische Anilin-und 
Soda Fabrik) compression ignition engine operated at a constant speed (1000±10 rpm).  
 
The CN was also estimated from the molecular weight and number of double bonds of all 
FAMEs, as described in the following equation 5.1 (Ramírez-Verduzco et al. 2012): Equation 
5.1 was obtained by correlating a set of experimental data from literature and adjusted with 
21 experimental values. 
ܥܰ ൌ						 ܥ ௜ܰ ൌ 		െ7.8 ൅ 0.302 ൈܯ௜ െ 20 ൈ ܰ																																																						ሺ5.1ሻ 
where ܥ ௜ܰ is the CN, Mi is the molecular weight, and N is the number of the double bond in 
the ith FAME.   
5.2.3.2. Density 
A KSV Sigma 702 tensiometer, weighing resolution 0.01 mg and density	 range 
1-2200 kg m-3 was used to measure the ߩ	of all biodiesel samples. The balancing hook of the 
tensiometer was calibrated before the measurements, using a weight of known mass. A glass 
ߩ	probe was placed on the balancing hook and immersed in the biodiesel sample, which was 
positioned below. The average results of five measurements were recorded and the glass 
vessel was rinsed with 100% acetone and dried for the next FAME sample.  
The densities ሺߩሻ of all biodiesel samples were also estimated from their FAME profiles, 
following equation 2 as explained in (Ramírez-Verduzco et al. 2012): 
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ߩ ൌ ෍ ሺ0.8463 ൅ 4.9ܯ௜	 ൅ 0.0118	 ൈ ܰ		ሻ௜ 																																																ሺ5.2ሻ														 
where ߩ is the density, ܯ௜	 is the molecular weight and N is the number of the double bonds 
of the ith FAME. 
5.2.3.3. Kinematic viscosity  
The KV was determined from the measured dynamic viscosity divided by measured ߩ. A 
cone and plate version of the Brookfield DV-III Rheometer was used to measure the dynamic 
viscosity of all FAMEs. Measurements for dynamic viscosity were recorded over a 
temperature range starting from room temperature (20○C) and increasing in 10°C intervals to 
50°C. The process was repeated three times to decrease experimental errors in the recorded 
results. 
To determine the value for dynamic viscosity, the DV-III Rheometer converts a tensional 
force into shear stress and rotational speed into shear rate. Torque is found through a 
calibrated spring, which is integrated into the spindle. As the spindle is immersed in the oil 
sample, the spring deflects a certain amount of oil due to the viscous drag of the fluid, and a 
transducer measures the total deflection (Allen et al. 2013). This value is substituted into the 
shear stress equation (force/area) and determines dynamic viscosity since viscosity equals the 
ratio of shear stress to shear strain. Shear strain is determined by the rotational speed. 
The KV was also estimated from the fatty acid profiles of all FAMEs following the equation 
of (Ramírez-Verduzco et al. 2012): 
lnሺυ௜ሻ ൌ െ12.503 ൅ 2.496ൈ lnሺܯ௜ሻ െ 0.178 ൈ ܰ																															ሺ5.3ሻ 
where lnሺυ௜ሻ is the KV of individual FAMEs, ܯ௜ is molecular weight and N the number of 
the double bonds in each FAME. The summation of all derived KV provides the final KV of 
the biodiesel. 
5.2.3.4. Higher heating value (HHV) / gross calorific value 
An Oxygen Bomb Calorimeter 6200 model manufactured by Parr Instrument Company was 
used to measure the heat of combustion or HHV of various biodiesels. The HHV represents 
the amount of energy released as heat, when a sample is burned with oxygen under  
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4.5 MPa pressure in a constant volume. During combustion, the core temperature in the 
crucible can reach up to 1000○C, and pressure can rise to approximately 20 MPa. 
Theoretically, all organic matter is completely oxidised, and even inorganic matter will be 
oxidised to some extent. 
To determine the HHV for a sample, the measured value is compared to the heat obtained by 
the combustion of a standardised material of known calorific value. Benzoic acid was 
selected as the reference material, given that it is easily accessible and burns completely in 
oxygen.  
  
The HHV of each FAME was also estimated by following  equation 4 (Ramírez-Verduzco et 
al. 2012):  
 ܪܪ ௜ܸ ൌ 46.19 െ ଵ଻ଽସெ೔ െ 0.21 ൈ ܰ																				ሺ5.4ሻ																																		 
The summation of all derived HHVs for each FAME provides the final HHV of the biodiesel. 
HHVi is the HHV of the ith FAME and all other symbols are as defined for equation 5.3. 
5.2.3.5. Other biodiesel properties 
Several other fuel properties were estimated from the fatty acid profiles. These were not 
measured due to the limitations of the measuring facilities. The IV, saponification value (SV), 
cold filter plugging point (CFPP) and DU were also estimated using the equations (5.5 to  
5. 8) detailed in (Kalayasiri 1996; Ramos et al. 2009; Islam et al. 2013).  
ܫܸ ൌ ෍ሺ254 ൈ ܦ ൈ ܣ௜ሻܯ ௜ܹ 																																																																																	ሺ5.5ሻ 
ܸܵ ൌ ෍ሺ560 ൈ ܣ௜ሻܯ ௜ܹ 																																																																																									ሺ5.6ሻ 
ܥܨܲܲ ൌ ሺ3.1417 ൈ ݈݋݊݃	݄ܿܽ݅݊	ݏܽݐݑݎܽݐ݅݋݊	݂ܽܿݐ݋ݎሻ െ 16.477											ሺ5.7ሻ 
ܦܷ ൌ ෍ܯܷܨܣ ൅ ሺ2 ൈ ܷܲܨܣሻ																																																																					ሺ5.8ሻ 
where D is the number of double bonds, Ai is the percentage of each fatty acid in the FAME 
and MWi is the molecular weight. The OS of the biodiesel was estimated by equation 5.9, 
which is based on the DU as proposed in (Wang et al. 2012). 
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ܱܵ ൌ െ0.0384	 ൈ ܦܷ ൅ 7.770																																																																										ሺ5.9ሻ 
 
5.3. Results and discussion        
To evaluate the effect of FAME profiles on biodiesel quality, chemical and physical 
properties were estimated from the fatty acid compositions such as average chain length 
(ACL), saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), polyunsaturated 
fatty acids (PUFAs), DU, IV, saponification value (SV), cold filter plug point (CFPP), and 
OS. The CN, ρ, KV, and HHV were estimated from their fatty acid profile and measured by 
standard test procedures. The estimated and measured values were compared to biodiesel 
standards ASTM D6751-12 and EN 14214 Table 5.2. Estimated fuel properties (CN, KV, 
HHV and ߩ) were compared to the measured values and the influences of individual fatty 
acids were investigated using PROMETHEE-GAIA. 
5.3.1. Comparison of estimated fuel properties with experimental values  
All algorithms (equations 5.1-5.9) used in this study to estimate fuel properties were 
developed based on fatty acid composition within a maximum chain length of C18:3 (α-
linolenic acid). However, MAME used in this study had exceptionally long fatty acid 
composition, with large amounts of very long chain polyunsaturated fatty acids such as C22:5 
(DPA) and C22:6 (DHA), when compared to other vegetable or plant derived FAMEs. All 
algorithms (equation 5.1-5.9) used to estimate the CN, ߩ, KV, HHV and OS rely on 
molecular weight and the number of double bonds of the fatty acids. The molecular weight is 
directly proportional to chain length and the number of double bonds represents DU. 
Therefore, measured and estimated (based on algorithms in equations 5.1-5.9) fuel properties 
are plotted in Figure 5.1Figure 5.4. A “perfect” estimate would be a linear relationship 
between calculated and estimated values, with a slope preferentially being close to one and 
going through zero. A least squares procedure was used to estimate the slope and the 
goodness of fit R2 was used to evaluate the scatter of the algorithms for biodiesel over the 
wide range of fatty acid compositions. The zero intercept of trend line was not selected to see 
if trend line does not go through zero it shows that the algorithm used for the calculation is 
particularly is not perfect. 
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In order to investigate the role of additional biodiesel characteristics on fuel properties mono 
unsaturated fatty acid (MUFA), polyunsaturated fatty acid (PUFA), DU and ACL are 
represented in Figure 5.1Figure 5.4 by the use of coloured symbols. 
Figure 5.1 (a-c) shows the line of best fit for estimated and measured CN and the effect of 
amounts of MUFA, PUFA and ACL. In general, excluding Crypthecodinium cohnii-derived 
FAME from the correlation (based on the very high contents of the for biodiesel atypical 
FAMEs DPA and DHA (Table 5.2), improved the correlation for estimated and measured CN 
numbers, but only marginally the R2 values (Figure 5.1). This is likely due to the effect of 
CSO and, perhaps to a lesser degree, POME-C810. The slope value 0.435 in Figure 5.1(a) 
shows that the estimated CN was not predicted well when compared to the measured CN for 
all biodiesel used in this study. MAME and CSO had the highest variation from the estimated 
value by 300% and 35% respectively (Table 5.2). Both these biodiesels also had the highest 
amounts of PUFA at 55% and 69%, respectively (Table 5.2). However, in addition to PUFA 
content leading to lower CN numbers, the outcome of the correlation analysis (Figure 5.1(a) 
suggests that FAME profile per se, e.g. acyl chain length, affects the CN, as the completely 
saturated fatty acid methyl ester POME-C810 scored the second lowest CN after MAME 
biodiesel. In contrast, CN increased with increasing MUFA content and ACL Figure 5.1 (b 
and C), which likely explains the large deviation between the calculated and estimated CN 
for MAME biodiesel, where the very long ACL could counteract the impact of the large 
amount of polyunsaturation. Therefore, exclusion of MAME CN numbers from the 
correlation analysis improved the slope to 0.973 close to the expected value of 1 for a perfect 
match between estimated and measured CN values. This indicates that the algorithm used to 
estimate CN is not well-suited for biodiesels with a high content of very long chain PUFAs. 
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Table 5.2: Calculated and measured fuel property of FAMEs. 
Sample 
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ASTM D6751-12 - - - - - - - - 47 - 1.9-6.0 - - 
EN 14214 - - - - - ≤120 - ≤5/≤−20 51 0.86-0.90 3.5-5.0 - ≥ 6 
ex ex ex ex cal cal cal cal cal ex Dv(%) cal ex Dv.(%) cal ex Dv.(%) cal ex Dv.(%) cal 
POME-810 9.0 99.9 0.0 0.0 0.0 0 357 -16.5 44.5 42.0 5.6 0.87 0.87 0.0 1.46 2.14 46.6 35.8 35.3 1.4 7.8 
POME-1214 14.2 79.7 18.5 1.8 22.1 19 242 -8.9 62.0 69.8 12.6 0.87 0.86 1.1 3.45 3.41 1.2 38.8 38.4 1.0 6.9 
POME-1618 17.2 31.3 59.0 7.5 74.0 63 188 6.1 64.8 65.4 0.9 0.85 0.87 2.4 4.60 5.03 9.3 39.9 37.6 5.8 4.9 
POME-1822 17.9 7.7 73.2 18.7 110.6 95 189 -8.8 59.2 59.0 0.3 0.88 0.87 1.1 4.50 5.18 15.1 39.9 39.8 0.3 3.5 
WCO 17.7 21.9 46.4 31.5 109.6 60 192 -1.5 57.6 60.7 5.4 0.88 0.87 1.1 4.36 5.13 17.7 39.8 39.6 0.5 3.8 
CNL 17.8 15.1 48.1 36.7 121.7 71 191 -5.5 55.2 57.5 4.2 0.88 0.88 0.0 4.31 6.72 55.9 39.8 39.6 0.5 3.1 
CSO 17.6 21.8 25.9 51.9 130.1 97 196 -3.7 53.5 72.7 35.9 0.88 0.88 0.0 4.18 4.82 15.3 39.7 39.4 0.8 2.8 
Tallow 16.9 46.8 47.5 3.6 57.3 14 196 18.8 67.2 68.9 2.5 0.87 0.86 1.1 4.61 5.95 29.1 39.8 39.5 0.8 5.6 
MAME 19.4 31.06 0.0 68.9 120 290 179 -8.6 11.6 46.5 301 0.91 0.89 2.2 3.20 5.07 58.4 39.7 39.9 0.5 3.2 
ex: measured; cal: estimated based on fatty acid profile; Dv: deviation. 
 
 
 
M.A.  Islam (2014) PhD Thesis- Microalgae biodiesel for the compression ignition (CI) engine 
135 | P a g e  
 
(a)  
(b)  
(c) 
 
Figure 5.1: Correlation analysis of estimated and measured CN and suitability of (a) 
PUFA; (b) MUFA and (c) ACL as proxies. 
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The slope 1.077 of estimated and measured KV for all biodiesels in Figure 5.2(a)-(b) 
indicates that the algorithm estimated KV accurately, and inclusion of MAME data 
only marginally affected the curve fit. However, excluding MAME data, lead to a 
larger improvement of R2 values, yet R2 values, although better than for estimated 
and measured CNs, were still relatively low. As reported (Hong et al. 2014), KV 
increased with increased numbers of carbon double bonds and molecular weight, 
which is supported by our data, showing that increase in MUFA and ACL,  the latter 
could serve as a proxy for double bonds (in this study, as the MAME is the only data 
set with long ACLs of all which are PUFAs) and molecular weight. 
(a) 
 
(b) 
 
 
Figure 5.2: Correlation analysis of estimated and measured KV and suitability of (a) 
MUFA; (b) ACL as proxies. 
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(Lapuerta et al. 2010) investigated a large number of methyl esters to find the 
relation of ߩ	with the number of carbon atoms in the original fatty acids, the number 
of carbon atoms in the original alcohol used in the transesterification process and the 
number of double bonds in the acid molecules. The number of carbon atom was 
found with negative correlation whereas number of double bond found with positive 
correlation with density. Likewise, this study confirmed the close agreement 
between estimated and measured densities, with a maximum deviation with 2.4% for 
POME-C810 (Table 5.2). Despite, correlation analysis evaluating the impact of DU 
and ACL yielded poor results (Figure 5.3 (a and b), with a slope of only 0.433 and 
0.266 for all biodiesels and excluding MAME, respectively. While it was not 
possible to draw any clear relationship between ߩ	 with DU (Figure 5.3(a)). ߩ	
increased as expected with increasing ACL, except for POME-C1618. This 
exception could be due a significant amount (2.8%) of Oleyl Oleate and/or a much 
higher amount of C16:0 in POME-C1618, compared to other POME-fractions 
tested. In general, however, the data show that correlation analyses attempting to use 
single impact proxies cannot account well for sometimes additive and sometimes 
opposing impacts of the complex FAME profiles of biodiesels. 
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(a) 
 
(b) 
 
 
Figure 5.3: Correlation analysis of estimated and measured biodiesel density (ߩ) and 
suitability of (a) DU and (b) ACL as proxies. 
This study (Figure 5.4 (a and b))corroborated earlier findings by (Fassinou et al. 
2010)  that HHV can be predicted well from fatty acid profiles without considering 
other physical, chemical and thermal biodiesel properties. HHV increased with 
increasing DU and ACL (Figure 5.4 (a and b)). Inclusion or exclusion of MAME 
data had almost no effect on R2 values and slopes when examining the predictive 
capability of DU and ACL (Figure 5.4 (a and b)), suggesting that the algorithm used 
for HHV estimation is well suited for a wide range of fatty acid compositions. 
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(a) 
(b) 
Figure 5.4: Correlation analysis of estimated and measured HHV and suitability of 
(a) DU and (b) ACL as a proxies. 
5.3.2.  Influence of individual FAMEs on each of the fuel properties 
Correlation analyses carried out in section 5.3.1 clearly demonstrate that no 
particular single chemical FAME signature proxy is capable of explaining impacts 
on fuel properties. For example, different biodiesels could have the same DU or the 
same chain length, but a different fatty acid composition, i.e. WCO and MAME both 
have a very high level of DU, but their fatty acid compositions are very different. 
Therefore, it is necessary to investigate the influence of individual fatty acids on fuel 
properties using Multi-Criteria Decision Analyses (MCDA). PROMETHEE-GAIA 
was used to investigate the influence of particular FAMEs on fuel properties. In this 
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study, fatty acids with more than 1g 100g-1 of FAME (C8:0, C10:0, C12:0, C14:0, 
C16:0, C16:1, C18:0, C18:1, C18:2, C20:5, C22:5 and C22:6) (Table 5.1) were used 
to investigate the influence on fuel properties presented in the GAIA plane in  
Figure 5.5, where  the relationship of each FAME (criteria) on particular fuel 
properties (actions) is shown. The two axes U and V in the GAIA plane explained 
72.3% of the variability, whereas the axis W (not shown in Figure 5.5) explained 
only 12% of the variability. The distance of the criteria from the centre indicates 
their variation in the biodiesels, i.e. the further away from the centre, the higher the 
variation. On the other hand, the position of the criteria indicates the influence to 
other criteria. In general, criteria that lie close  (±45°) are correlated, while those 
lying in opposite directions (135–225°) are anti-correlated, and those which are 
approximately in the orthogonal direction have limited or no  influence (Espinasse et 
al. 1997). For example, estimated and measured CN are positioned in a similar 
direction with MUFA indicating a positive relationship (Figure 5.5). On the other 
hand, the opposite orientation of PUFAs indicates a negative correlation with CN 
(Figure 5.5). This is also evident in Figure 5.1 (a) and (b). ACL is lying in almost 
orthogonal direction to CN, suggesting no or little impact on CN (Figure 5.5). This 
is also supported by analyses shown in Figure 5.1(c) where ACL on its own proved 
to be a poor proxy for CN. Considering the individual fatty acids, amounts of C18:1, 
C16:1 and C18:2 are positively correlated with CN, whereas C14:0, C20:5 (EPA), 
C22:5 and C22:6 (DHA) are found almost opposite to the estimated CN. However, 
the measured CN positioned around 135○ away from C14:0, C20:5, C22:5 and 
C22:6 indicates that the influence may be overestimated when the CN is estimated. 
Furthermore, high amounts of the short chain, saturated fatty acids (C8:0, C10:0, 
C12:0 and C14:0) are unfavourable for CN numbers Figure 5.5. As POME-C810 
had a very high amount of short chain saturated fatty acids, poor ignition quality can 
be expected when used unblended as a biodiesel. In contrast to the reported negative 
relationship of DU with CN (Knothe et al. 2003), it appears that DU has little 
influence on the measured CN, as it is positioned almost orthogonally Figure 5.5. 
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Figure 5.5: PROMETHEE-GAIA analysis of the influence of individual FAMEs, 
fatty acid classes and FAME average molecular weight on fuel properties. 
Since, the distance of criteria from the centre indicates the variation of the criteria 
and HHV was found to be very close to the centre of the GAIA plane, this means 
HHVs are very close for all biodiesels in this study. Both the estimated and 
measured HHV found with positively related to PUFA in Figure 5. Most of the short 
chain saturated fatty acids (C12:0, C14:0) had little or a negative influence on 
estimated and measured HHV. The variations of the ߩ	among the biodiesels are very 
low; therefore, it is very much centred and not easily visible in Figure 5.5. The log 
of molecular weight (ln_Avg_MW) was considered with positive effect on KV in 
equation 3. The measured KV and ln_Avg_MW in Figure 5 confirmed the positive 
influence even strongly. 
 
5.4. Conclusion 
Calculation procedures were shown to estimate the kinematic viscosity, density and 
HHV of eight methyl esters and tallow biodiesel with accuracy sufficient for 
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engineering applications, whereas FAME-based CN estimations cannot be 
recommended for microalgal biodiesel with high amounts of very long chain PUFAs 
(as for Crypthecodinium cohnii). Single chemical proxies for fuel properties are 
inadequate due to complex interactive relationships between individual fatty acids 
and fuel properties and that therefore MCDA analyses of biodiesels must be 
considered, if the fuel characteristic is to be derived.Materials with high amounts of 
C18:1, C18:2 and C16:1fatty acids could be ideal for biodiesel applications due to 
the most positive influence on both estimated and measured cetane numbers. The 
high amount of short chain saturated fatty acids C8:0, C10:0, C12:0 and C14:0 is 
undesirable for higher CN. 
This study confirmed the positive correlation between MUFA and ACL on KV for 
all biodiesels tested. The ߩ is positively influenced by the ACL but DU does not 
have any impact on it and inverse relationship between ACL and CN was also 
confirmed.  
This study confirmed a positive effect of  ACL and PUFA contents on HHV of 
biodiesels and identified C18:3, 18:2, C16:0, C16:1, C20:5, C22:5, and C22:6 
FAMEs to have the strongest positive effect, while high amounts of short chain 
saturated fatty acids, e.g. C8:0, C10:0 and C12:0 had a negative impact.  
Finally very long chain poly unsaturated fatty acids are undesirable for biodiesel 
quality. Saturated short chain fatty acids are also better for oxidation stability but do 
not contribute to the CN, HHV, KV and ρ. Long chain fatty acids with single double 
bonds are found with highest positive impact on most of the important fuel 
properties and most desirable for standard biodiesel quality.. 
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Abstract 
Previous research has shown that algae oil methyl ester properties can satisfy 
biodiesel standards ASTM 6751-12 and EN14214, and use of this fuel should be 
comparable with petroleum diesel. However, the qualities of microalgae oil methyl 
esters vary with environmental conditions, and fatty acid composition of the oil is 
additionally strain-dependent. In this study, the biodiesel properties and effects of 
blends of oil methyl ester petroleum diesel were investigated on a CI direct injection 
diesel engine. Blends were obtained from the marine dinoflagellate Crypthecodinium 
cohnii and waste cooking oil. The experiment was conducted using a four-cylinder, 
turbo-charged common rail direct injection diesel engine at four loads (25%, 50%, 
75% and 100%). Three blends (10%, 20% and 50%) of microalgae oil methyl ester 
and a 20% blend of waste cooking oil methyl ester were compared to petroleum 
diesel. To establish suitability of the fuels for a CI engine, the effects of the three 
microalgae fuel blends at different engine loads were assessed by measuring engine 
performance, i.e. mean effective pressure (IMEP), brake mean effective pressure 
(BMEP), in cylinder pressure, maximum pressure rise rate, brake-specific fuel 
consumption (BSFC), brake thermal efficiency (BTE), heat release rate and gaseous 
emissions (NO, NOx,and unburned hydrocarbons (UHC)). Results were then 
compared to engine performance characteristics for operation with a 20% waste 
cooking oil/petroleum diesel blend and petroleum diesel. In addition, physical and 
chemical properties of the fuels were measured. Use of microalgae methyl ester 
reduced the instantaneous cylinder pressure and engine output torque, when 
compared to that of petroleum diesel, by a maximum of 4.5% at 50% blend at full 
throttle. The lower calorific value of the microalgae oil methyl ester blends 
increased the BSFC, which ultimately reduced the BTE by up to 4% at higher loads. 
Minor reductions of IMEP and BMEP were recorded for both the microalgae and the 
waste cooking oil methyl ester blends at low loads, with a maximum of 7% 
reduction at 75% load compared to petroleum diesel. Furthermore, compared to 
petroleum diesel, gaseous emissions of NO and NOx, increased for operations with 
biodiesel blends. At full load, NO and NOx emissions increased by 22% when 50% 
microalgae blends were used. Petroleum diesel and a 20% blend of waste cooking 
oil methyl ester had emissions of UHC that were similar, but those of microalgae oil 
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methyl ester/petroleum diesel blends were reduced by at least 50% for all blends and 
engine conditions. The tested microalgae methyl esters contain some long-chain, 
polyunsaturated fatty acid methyl esters (FAMEs) (C22:5 and C22:6) not commonly 
found in terrestrial-crop-derived biodiesels yet all fuel properties were satisfied or 
were very close to the ASTM 6751-12 and EN14214 standards. Therefore, 
Crypthecodinium cohnii- derived microalgae biodiesel/petroleum blends of up to 
50% are projected to meet all fuel property standards and, engine performance and 
emission results from this study clearly show its suitability for regular use in diesel 
engines. 
Key words: Microalgae, Biodiesel, Fatty acid methyl ester (FAME), Fuel property, 
Engine performance, Gaseous emission 
6.1. Introduction 
Ever-diminishing global fossil fuel resources are increasing pressure to find 
sustainable alternative fuels and reduce dependency on fossil fuels. Mono alkyl 
esters of fatty acids traditionally obtained from vegetable oil are referred to as 
biodiesel. Biodegradability, renewability and low net carbon emission characteristics 
of biodiesel have generated significant interest in biodiesel, as a replacement option 
for petroleum diesel (Drapcho et al. 2008). As a result, a number of studies 
compared combustion and emission performance of various biodiesel with 
petroleum diesel (Di et al. 2009; Buyukkaya 2010; Kousoulidou et al. 2010; 
Ganapathy et al. 2011; Hulwan and Joshi 2011; Macor et al. 2011; Muralidharan and 
Vasudevan 2011; Zhu et al. 2011; Bodisco et al. 2013) and engine performance and 
emissions tests for vegetable oils have been reviewed recently (Graboski and 
McCormick 1998). 
 
Various chemical and physical properties of biodiesel contribute to engine 
performance and emission characteristics. Biodiesel often contains around 10% 
oxygen by mass, which influences its combustion performance and emissions 
significantly. In addition, biodiesel use results in reduction of emissions of unburned 
hydrocarbons (UHC), particulate matter (PM) and carbon monoxide (CO) (Agarwal 
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2007; Di et al. 2009; Buyukkaya 2010; Rajasekar et al. 2010; Ng et al. 2012; Shah et 
al. 2012). However, generally, biodiesel use results in an increase in NOx emissions 
(Agarwal 2007; Karabektas 2009; Rajasekar et al. 2010; Shah et al. 2012; Özener et 
al. 2014; Tüccar et al. 2014). The performance of microalgae methyl ester in an 
actual engine has only been reported in the literature in the last year or so. 
Ankistrodesmus braunii and Nannochloropsis sp. were tested in a single cylinder 
Ricardo-E6 engine and were found to have a slight reduction of engine torque with a 
higher-pressure rise rate and heat release rate than that of petroleum diesel (Haik et 
al. 2011). The emission characteristics, of microalgae methyl ester from Chlorella 
vulgaris were reported with reduced UHC and increase of NOx while tested in a 
single cylinder Kirloskar engine (Patel et al. 2014). Both the fuels have lower 
density but almost similar kinematic viscosity than that of the microalgae methyl 
ester from this study. However, Crypthecodinium cohnii in this study contains high 
amounts of very long chain polyunsaturated fatty acids (C22:5 and C22:6), and 
when compared to Ankistrodesmus braunii and Nannochloropsis sp. from (Haik et 
al. 2011), this could alter the results. 
 
A significant amount of publications reported on the possibility of using microalgae 
as a potential source for biodiesel (Song et al. 2008; Um and Kim 2009; Dragone et 
al. 2010; Huang et al. 2010; Singh and Singh 2010; Haik et al. 2011), as microalgal 
biodiesel does not compete with global food supplies (Fisher et al. 2010). It is also 
suggested that microalgae can produce 18927 L of biodiesel per 242812 m2 
compared to 227 L of soy-derived biodiesel per year (Fisher et al. 2010). The 
benefits of microalgae include rapid growth, high capacity of CO2 fixation, and the 
possibility of intensive culture on non-arable land with smaller area requirements 
than terrestrial crops. These factors have all contributed to the current focus on algae 
research. However, a very limited number of works have been published with 
investigation of the physical and chemical properties, engine performance, and 
emission analysis of actual microalgae fuel in the modern diesel engine (Tüccar and 
Aydın 2013; Patel et al. 2014; Rinaldini 2014).  
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Therefore, the main objectives of this study are to detail the physical and chemical 
properties of the microalgal biodiesel and to investigate engine performance, which 
is then compared to petroleum diesel and a 20% waste cooking oil 
biodiesel/petroleum diesel blend. Biodiesel blend B20 is recognised an optimum-
level blend because it represents a good balance of engine performance, fuel 
consumption, emission reduction and long-term storage ability than any other blend 
(Canakci et al. 2009; Arbab et al. 2013). Chemical and physical properties of 
microalgal and waste cooking oil methyl esters were investigated, according to 
biodiesel standards ASTM 6751-12 and EN 14214 (Table 6.1 and Table 6.2). A  
four-cylinder, turbo-charged diesel engine equipped with engine performance and 
emission instrumentation was used to investigate the effect of microalgal/petroleum 
diesel blends (10%, 20%, and 50%); waste cooking oil methyl ester/petroleum diesel 
blend (20%) and petroleum diesel were used as reference fuels.  
 
The performance of the engine output is presented in terms of engine cylinder 
pressure, maximum pressure rise rate, indicated mean effective pressure (IMEP), 
brake mean effective pressure (BMEP), brake specific fuel consumption (BSFC), 
brake thermal efficiency (BTE), and heat release rate. Gaseous emissions of nitric 
oxide (NO), nitrogen oxide (NOx) and unburned hydrocarbons (UHC) are also 
presented for microalgae methyl ester/petroleum diesel blends, which are compared 
to petroleum diesel and the waste cooking oil methyl ester/petroleum diesel blend. 
6.2. Materials and Methods 
6.2.1. Preparation of microalgae oil methyl ester 
Dry microalgae biomass (heterotrophic dinoflagellate: Crypthecodinium cohnii) was 
obtained from Martek Biosciences Corporation, USA. A pilot-scale oil extraction 
from these microalgae was carried out with analytical grade n-hexane, in the Plant 
Science Laboratory of Southern Cross University, NSW, Australia. Before 
transesterification, the oil acid value was tested and found to be very low (below 0.2 
mg. KOH g-1), making it suitable for transesterification without soap formation. Total 
extracted lipids were divided into 2 L aliquots in a 5 L glass beaker on a magnetic 
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stirrer hot plate. An amount of 15.8 g of 85% KOH was dissolved in 250 mL of 
99.8% methanol, and slowly added to the oil at 55 oC, stirring constantly. The 
detailed process can be found in (Islam et al. 2014). 
6.2.2. Experimental test fuels 
Fuel properties, engine performance and emissions of microalgae 
biodiesel/petroleum diesel blends were compared with a 20% blend of waste 
cooking oil methyl ester/petroleum diesel and petroleum diesel. Microalgae 
biodiesel was prepared in three different blends by weight 10%, 20% and 50% and 
designated as D90A10, D80A20 and D50A50, respectively.  A single blend with 
20% waste cooking oil methyl ester was prepared and designated as D80WCO20. 
Microalgae fatty acid methyl ester composition was determined by GC/MS in the 
Plant Science Laboratory of Southern Cross University, NSW, Australia. Dry 
microalgae biomass was extracted in pilot-scale with the non-polar solvent  
n-hexane. The extracted lipid was transesterified and converted to fatty acid methyl 
ester. The EcoTech Biodiesel Company in Brisbane supplied waste cooking oil 
methyl esters. The composition of the pure fatty acid methyl esters of these two 
biodiesels were measured according to the procedure detailed in (Islam et al. 2013) 
and are presented with the corresponding standard deviation of three measurements 
in Table 6.1. The microalgae methyl ester contains large amount of very long chain 
poly unsaturated fatty acids (C22:5, C22:6) compared to other conventional 
biodiesels. Waste cooking oil biodiesel was chosen to compare with the performance 
of microalgae biodiesel is one of the most commonly used biodiesel not containing 
those long chain poly unsaturated fatty acids 
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Table 6.1: Fatty acid composition (g 100g-1 FAME) of biodiesels 
FAME 
Microalgae Waste cooking oil 
average standard deviation average 
standard 
deviation 
C14:0 8.30 0.1 0.00 0.00 
C16:0 22.20 0.23 11.2 2.04 
C18:0 0.56 0.05 3.50 0.50 
C18:1(Tran) 0.00 0.00 2.70 0.76 
C18:1 (cis) 0.00 0.00 64.4 4.23 
C18:2(cis-9,12) 0.00 0.00 18.3 1.03 
C18:3(all cis 6,9,12) 0.41 0.04 0.00 0.00 
C20:3 0.50 0.03 0.00 0.00 
C20:4 0.70 0.02 0.00 0.00 
C20:5 (EPA) 1.70 0.08 0.00 0.00 
C22:5 17.90 0.06 0.00 0.00 
C22:6 (DHA) 47.70 0.41 0.00 0.00 
SFAs 31.06 14.72  
MUFA 0.00 67.03  
PUFA 68.94 18.25  
6.2.3. Fuel properties 
Biodiesel properties of the extracted pure methyl esters were analysed at the Caltex 
Refinery Laboratories in Wynnum, Brisbane, according to standard test procedures. 
The results are shown in Table 6.2in compliance with the biodiesel standards ASTM 
6751-12 and EN14214. Calorific values and lower heating values of both biodiesels 
were around 10% less than for petroleum diesel, whereas density and kinematic 
viscosity of both biodiesels were up to 7.8% and 47.8% higher, respectively, than for 
petroleum diesel. Oxygen, hydrogen and carbon content of the microalgae biodiesel 
were 10.47, 11.12, and 78.41%, with similar values for waste cooking oil biodiesel 
(10.93, 12.21 and 76.93%, respectively). Oxygen content in biodiesel provides 
advantages for combustion, whereas higher density, viscosity and lower calorific 
value may be disadvantageous for biodiesel.  The stoichiometric air fuel ratios of 
tested fuels were within the range 13.8:1 to 15.1:1 as shown in  
Table 6.4. Typically, modern common rail turbo-charged diesel engines have air fuel 
ratios above 25:1 under load. Thus, the effect of stoichiometric ratio variation on 
engine performance in such an engine is expected to be small because of the large 
amount of excess air present.
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Table 6.2: Properties of pure fatty acid methyl esters (FAME) and petroleum diesel and compliance with the requirements of ASTM 6751-12 
and EN 14214 biodiesel standards 
Fuel property Test method Unit Microalgae oil methyl ester 
Waste cooking oil 
methyl ester 
Biodiesel Standard 
ASTM 6751-12 
Biodiesel Standard 
EN 14214 
Petroleum Diesel 
CN DIN 51773 - 46.5 58.6 47 min 51 53.3 
Kinematic 
viscosity @40C 
ASTM D445 mm2/s 5.06 4.82 1.9-6.0 3.5-5.0 2.64 
Density @15C ASTM D4052 kg/L 0.912 0.87 0.86-0.90 0.86-0.90 0.84 
HHV - MJ/kg 39.86 39.9 -  - 
LHV - MJ/kg 37.42 37.2 -  44.0 
Acid value ASTM D974 mg KOH/g 0.14 - 0.5 max 0.5max 0.0 
Flash point (close 
cup) 
ASTM D93 ○C 95.0 - 93 min - 71.0 
Flash point  ASTM D93 ○C - ≥180 130 120 - 
Sulphur content ASTM D7039 mg/kg 7.5 - 15max 10max 5.9 
Cloud point IP 309 ○C 16.1 - report report 4.0 
Lubricity @○60 IP 405 mm 0.136 - - - 0.406 
Copper corrosion  
(3 hrs @50○C) 
ASTM D130  1a - 1max 1 max 1a 
Water sediment  ASTM D2709 vol% 0 - 0.005% max 0.005% max 0.0 
 
10% Recovered ASTM D86 ○C - - - - 222.4 
50% Recovered ASTM D86 ○C - - - - 272.4 
90% Recovered ASTM D86 ○C - - - - 331.1 
95% Recovered ASTM D86 ○C - - - - 347.4 
FBP ASTM D86 ○C - - - - 357.7 
Oxygen content - Wt% 10.47 10.93 - - - 
Hydrogen content - Wt% 11.12 12.21 - - - 
Carbon content - Wt% 78.41 76.93 - - - 
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6.2.4. Experimental setup 
All experiments were conducted with a four-cylinder, turbo-charged diesel engine 
(specifications as per Table 6.3). Due to the limitation of experimental setup the 
engine control module was tuned to reduce the maximum torque. However, 
experiments for all fuel were conducted in same condition. The power output of the 
engine was measured with an eddy current dynamometer. The engine was run at 
2000 rpm with four different loads - 25%, 50%, 75% and 100%. For the present 
investigation, 100% load is defined as the maximum load, which the engine could 
achieve at a fixed engine speed with full throttle. Intermediate loads were calculated 
accordingly. Details of the engine operating conditions are shown in  
Table 6.4.  
Table 6.3: Test Engine specifications 
Model Peugeot 308 2.0 HDi 
Cylinders 4 
Compression ratio  18 
Capacity  2.0 (L) 
Bore × Stroke  85 × 88(mm) 
Maximum power  100 kW @ 4000 rpm 
Maximum torque  320 Nm@ 2000 rpm 
Aspiration (Turbocharged) Intercooled 
Fuel injection system Common rail (Multiple fuel injection) 
Injection pressure: 1600 bar 
Dynamometer Froude Hofmann AG150 eddy current 
dynamometer 
 
All engine tests were run with a Froude Hofmann AG 150 eddy current 
dynamometer, which was embedded with TEXCEL-V12 software for precise digital 
control and sophisticated data acquisition. An open Simtek Bodylogic Engine 
control module (ECU) + IDM (Injector driver module) was used. Engine and 
injection parameters were carefully controlled during the experiment by use of a 
constant engine map. The instrument accuracy for measurement of torque was 
± 1.25 Nm (± 0.25% of full-scale load) and ± 1 rpm for speed. A schematic diagram 
of the test set-up is shown in Figure 6.1. The in-cylinder gas pressure was recorded 
with a Kistler piezostar pressure sensor (Type 6056A42). The pressure transducer 
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outputs were amplified and converted to digital signals and recorded for every 
0.5°CA. The crank angle was measured by Valeo, model PA66 GF30 Hall-Effect 
sensor with 250 mV output voltage, sensitivity 5.0 mV/gauss and switching speed 
3ms. Such Hall-Effect sensors are the most common crank angle sensor in modern 
engines and typically have accuracy better than ± 0.05 degrees. In order to eliminate 
the effect of cycle-to-cycle variations, the in-cylinder pressure data were recorded 
for 100 consecutive cycles and the mean was used for analysis. The cycle to cycle 
pressure variation is defined by the coefficient of variation (COV) (standard 
deviation ÷ mean peak pressure). The maximum COV of phase average pressures at 
full loads, are 0.017, 0.018 and 0.02 for D50A50, D80WCO20 and D100 
respectively. 
 
 
 
Figure 6.1: Schematic diagram of test set-up 
Table 6.4: Maximum load @2000rpm with different fuel, test condition, date and 
time. 
Fuel 
Average torque 
(Nm)@ full 
load 
Date and time of 
experiment 
commencement 
Calculated 
CN* 
Stoichiometric 
air-fuel ratio 
D90A10 236 21/02/2014 (4:07PM) 53.3 14.8 
D80A20 244 24/02/2014 (3:48PM) 52.6 14.5 
D50A50 230 24/02/2014 (5:20PM) 51.9 13.8 
D100 241 07/03/2014 (3:28PM) 49.9 15.1 
NO 
NOx 
HC 
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D80WCO20 235 11/03/2014 (3:04 PM) 54.4 14.6 
Calculated CN*: calculated from the cetane number of pure fuel blend ratio. 
To measure engine emissions, exhaust gas was sampled after it had passed through 
the exhaust manifold. A fraction of the sampled gas was delivered to the gas 
analysers via flexible copper tubing, equipped with a water trap for NOx and UHC 
measurements.  A CAI600 series analyser was used to measure the UHC equivalent 
to propane (C3H8). A CAI600 series CLD NOx analyser was used for NO and NOx 
measurements. An in depth emission analysis of the particle matter emission will be 
published in a separate paper. 
6.3. Results and discussion 
The impact of microalgae biodiesel/petroleum blend fuel was compared with a 
20%waste cooking oil methyl ester/petroleum diesel blend and petroleum diesel. 
Engine performance at partial to full load conditions was studied based on 
combustion characteristics. Cylinder pressure, maximum pressure rise rate, indicated 
mean effective pressure (IMEP), brake mean effective pressure (BMEP), brake 
specific fuel consumption (BSFC), brake thermal efficiency (BTE), heat release rate 
(HRR) and the cylinder pressure-crank angle indicator diagram were investigated 
with different blend percentages and different loads. 
6.3.1. Impact of fatty acids composition on fuel properties 
The pure microalgae oil methyl ester of Crypthecodinium cohnii used in this study 
has kinematic viscosity of 5.06 mm2s-1 and density of 0.912 kgL-1 both of which are 
slightly higher compared to those of waste cooking oil methyl ester at 4.82 mm2s-1 
and 0.87 kgL-1, respectively. This is mainly due to the higher amount of very long 
chain polyunsaturated fatty acids (C22:5 and C22:6 in Table 6.1), Other microalgae 
species, Ankistrodesmus braunii and Nannochloropsis sp., with 78% saturated fatty 
acid, were reported to have a kinematic viscosity of 4.19 mm2s-1 and density of 
0.869  kgL-1 (Haik et al. 2011). The present microalgae oil methyl ester had the 
highest density of microalgae fuel used in engine tests and reported in the literature 
so far.  Higher density and kinematic viscosity of pure methyl ester of 
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Crypthecodinium cohnii may result in a larger size of  atomisation droplet with 
greater penetration into the cylinder and a lower cetane number which could explain 
the increased ignition delay observed in this study for microalgae oil methyl ester.  
Ignition delay for microalgae blends in this study is shown in Figure 7 (b-d). 
However, the BSFC of D80A20 increased ~5%, which is not significantly different 
to that of other microalgae oil methyl ester with lower density (0.867 kgL-1) (Patel et 
al. 2014). It can be seen, even with a higher amount of very long chain fatty acids 
(C22:5, C22:6), that the combustion performance of the engine is comparable with 
petroleum diesel and other biodiesel. 
6.3.2. Impact of biodiesel blends on cylinder pressure 
Variation of cylinder pressures with respect to crank angle for the different blends of 
microalgae biodiesel D90A10, D80A20 and D50A50, waste cooking oil methyl ester 
D80WCOB20 and petroleum diesel (D100) at different engine loads (25%, 50%, 
75% and 100%) are presented in Figure 6.2 (a-d). No significant differences in peak 
cylinder pressure were noted within biodiesel blends. However, at 25% engine load, 
cylinder peak pressure of D100 was up to 8% higher than the biodiesel blends; this 
could be due to the higher viscosity of biodiesel that is unfavourable as a fuel for 
combustion (Haik et al. 2011). A slight increase of compression pressure for D100 
before injection is seen at 25 % load in figure 2a. This could be due to the air and 
fuel temperatures were not controlled by heat exchangers during the experiment. 
Therefore, such effects as changes in charge air mass due to inlet temperature 
variation may have occurred. This in turn will result in an increase in compression 
pressure before injection. However, any explicit correlation between cylinder 
pressure and the blend ratios could not be defined, as increase in load reduced the 
differences in cylinder pressure. 
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Figure 6.2: Variation of cylinder pressures with crank angle at (a) 25% load,  
(b) 50% load, (c) 75% load, and (d) 100% loads for petroleum diesel and biodiesel 
blends 
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Figure 6.3: Variation of pressure rise rates with varying engine loads for petroleum 
diesel and biodiesel blends 
The pressure rise rate is a parameter closely related to ignition commencement. The 
microalgae biodiesel blends and waste cooking oil blend had a higher pressure rise 
rate than D100 at 25% engine load as shown in Figure 6.3. The variation of pressure 
rise rate is heist at 25% because there is no pilot injection at 25% load as shown in 
Figure 6.7. Therefore, only fuel quality such as lower cetane number, higher density 
of microalgae biodiesel blends responsible higher pressure rise rate compare to 
D100. Increasing loads with pilot injection (Fig. 6.7) generate favourable condition 
for main ignition and eliminated this difference at higher loads (50% and 75%) 
Figure 6.3. The longer the ignition delay period, the more liquid fuel is injected 
before ignition (Haik et al. 2011), so a higher mass of fuel ignites in a shorter time, 
thus increasing the pressure rise rate. Compared to petroleum diesel, the pure 
biodiesels had a higher density, viscosity and a lower cetane number, except waste 
cooking oil biodiesel, which had a higher cetane number (Table 6.2), leading to an 
increase of ignition delay, consequently increasing the pressure rise rate. The 
maximum pressure rise rate was higher at 100% engine loads because of rapid 
combustion, but it dropped unexpectedly for the D90A10 and D80WCO20. 
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6.3.3. Impact of biodiesel blends on IMEP, BMEP and FMEP 
The uniform pressure that would be required throughout the power stroke of an 
engine, to do the same amount of work as is done by the varying pressures that are 
obtained during the stroke, is called indicated mean effective pressure (IMEP), 
whereas brake mean effective pressure (BMEP) is the work done per unit 
displacement volume of a single cylinder. IMEP, BMEP and frictional mean 
effective pressure (FMEP) were analysed to determine the effect of microalgae 
biodiesel blends in relation to a 20% waste cooking oil methyl ester/petroleum diesel 
blend D80WCO20 and petroleum diesel D100. IMEP and BMEP obtained from 
biodiesel blends did not vary by more than 3% compare to that of petroleum diesel 
D100 (Figure 6.4). However, when the variation from petroleum diesel was 
calculated, biodiesel blends had typically  lower IMEPs irrespective of engine load, 
except for the D80A20 blend, which had no significant variation from D100 at 25 
and 50% engine loads, but IMEP  decreased at higher engine loads (Figure 6.4 b). 
This is likely due to the higher calorific value of D100. As shown in Table 6.1, the 
microalgae fatty acid methyl esters and waste cooking oil methyl ester profiles had a 
high degree of polyunsaturation (65% C22:6 and C22:5) and 85%, respectively).This 
could lead to poor ignition quality and reduction of IMEP. However, the oxygen 
content in biodiesel enables complete combustion, which can increase the IMEP 
(Pham et al. 2013). Data obtained here show that the D80A20 blend is comparable to 
D100 and shows better performance among other biodiesel blends tested. Perhaps 
due to an optimal combination of unsaturated fatty acids and oxygen content, that is 
providing the better combustion. However, it must be stated that fuel temperatures 
are not under identical conditions throughout these experiments. For example, 
maximum ambient temperatures on the day of the tests varied by 5 ○C. Therefore, a 
small part of the variation of IMEP and BMEP may not be fully attributable to 
biodiesel blends.  
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 Figure 6.4: Effect of engine load on the indicated mean effective pressure 
(IMEP), brake mean effective pressure (BMEP) and frictional mean effective 
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pressure (FMEP) (a) and their variation (b and c) for petroleum diesel and biodiesel 
blends 
Figure 6.4 (a and c) shows that BMEP is following almost the same trend as IMEP, 
but the performance of microalgae biodiesel blends increased when compared to 
D80WCO20, especially D80A20, where the BMEP was found to be even better than 
D100 at 25% load. The FMEP of all biodiesel blends and petroleum diesel was 
around 0.2 MPa irrespective engine load. Impact of biodiesel blends on BSFC and 
BTE 
6.3.4. Impact of biodiesel blends on BSFC and BTE 
BSFC is a parameter quantifying fuel efficiency. Figure 6.5 shows the BSFC of the 
test engine operated with D100, D90A10, D80A20 D50A50 and D80WCO20 fuels 
at four different loads (25%, 50%, 75%and 100% load). Decreases of BSFC slowed 
with increased engine loads for all fuels, however, D50A50 had the highest BSFC at 
all engine loads, while the other microalgal biodiesel blends and the D80WCO20 
had intermediate and similar BSFC trends compared to D100 and D50A50 BSFCs 
and were comparable at a 25% engine load (Figure 6.5). The higher BSFC of 
biodiesel blends could be due to the lower calorific values compared to petroleum 
diesel (Buyukkaya 2010; Behçet 2011; Muralidharan and Vasudevan 2011; Qi et al. 
2011; Zhu et al. 2011; Gumus et al. 2012). The data shows that D50A50 is the least 
fuel-efficient blend with a~7.5% higher BSFC, compared to petroleum diesel at all 
engine loads. Yet the corresponding change in calorific values is 3.2%. The 
difference in the changes in BSFC and BTE is due to a variety of factors including 
combustion of oxygenated fuels and difference in calorific value. 
 
In Table 6.2 the calorific value (LHV) of microalgae and waste cooking oil methyl 
esters is 15% lower when compared with petroleum diesel, in which it is larger than 
the observed 10% increase in the BSFC of biodiesel. This discrepancy could be due 
to the higher oxygen content of biodiesels, which leads to complete combustion, 
thereby minimising increases in BSFC (An et al. 2012). 
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Brake thermal efficiency (BTE) is a parameter to represent how efficiently an engine 
transforms the chemical energy of the fuel into useful work. This parameter is the 
ratio determined by brake power in the output shaft divided by the amount of energy 
delivered to the system (Al-Hasan 2003; An et al. 2012). Figure 6.5shows that the 
biodiesel blends BTE at 25% engine load are higher than that of D100. At higher 
loads (from 50%, 75% and 100%), D100 has consistently higher BTE than other 
biodiesel blends, except D80WCO20 at 100% load, which is almost the same. The 
higher viscosity and density of the biodiesels and the lower calorific value and lower 
cetane number of the microalgal biodiesel compared to petroleum diesel could 
induce a higher ignition delay and higher fuel consumption, and therefore reduce the 
BTE for biodiesel at higher engine loads (An et al. 2012). 
 
 
Figure 6.5: Variation of brake specific fuel consumption (BSFC) and brake thermal 
efficiency (BTE) with engine load for petroleum diesel and biodiesel blends. 
6.3.5. Impact of biodiesel blends on heat release rate 
The heat release rate is another important parameter for evaluating combustion 
characteristics of a fuel. Figure 6.6 (a-d) shows the effect of the crank angle on the 
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heat release rate of a test engine operated on D100 and the biodiesel blends 
(D90A10, D80A20, D50A50 and D80WCO20), at 25%, 50%, 75% and 100% 
engine loads. At 25% load, petroleum diesel had a higher heat release rate  
(Figure 6.6 a). This can be explained by the higher viscosities of biodiesel at lower 
load, leading to incomplete combustion. A similar conclusion was drawn by 
(Hossain and Davies 2012). Furthermore, the lower calorific value of biodiesel is 
also a factor in reducing the heat release rate, as reported in (An et al. 2012). 
However, at 50% and 75% load, the peak heat release rate of all biodiesel blends 
was almost comparable to that of D100. At full load, D80WCO20 had a higher peak 
heat release rate than D100. This is associated with the higher BTE of D80WCO20, 
likely caused by a change in the combustion regime at full load. In addition, the 
injection system is incorporated with the pilot injection, which helps to improve 
combustion performance and thermal efficiency (Di et al. 2009). There are small 
peaks in the heat release rate shown in Figure 6.6 (b, c, and d) at around 12, 15 and 
18 degrees respectively, before TDC (top dead centre). This peak is due to the pilot 
injection to the system and it is clear that at higher load, microalgae methyl ester 
blends have little delay in combustion, when compared with waste cooking oil 
methyl ester D80WCO20 and petroleum diesel D100.  
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Figure 6.6: Effect of crank angle on the heat release rate at (a) 25%, (b) 50%, (c) 
75% and (d) 100% of engine load operated on petroleum diesel and biodiesel blends.  
6.3.6. Impact of biodiesel blends on nitric oxide (NO) and nitrogen 
oxide (NOx) emission 
Formation of NOx depends on in-cylinder temperature, ignition delay and oxygen 
content in the fuel (Ajav et al. 1998; Challen and Baranescu 1999). Longer chain 
length and higher amounts of unsaturated fatty acids in biodiesel have been reported 
to correlate with increases in NOx emissions (Rahman et al. 2014). The correlations 
between NO and NOx emissions and brake mean effective pressure for the fuels used 
in this study are shown in Figure 6.7 (a) and (b). NO and NOx emissions increased 
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for microalgae biodiesel blends compared to D100 at all load conditions, except for 
D90A10. Despite differences in amounts of unsaturation and fatty acid chain 
lengths, the similar blend ratios of microalgae biodiesel blend D80A20 and waste 
cooking oil methyl ester blend D80WCO20  were also similar in NO and NOx 
emissions. 
 
Figure 6.7 (a) shows that NO emission of biodiesel D80A20 and D80WCO20 
increased around 5% at lower BMEP and 10% at maximum BMEP compared with 
that of D100. NO emissions were 14% higher for D50A50 at 25% load, compared to 
D100, which increased to 26% at full load. Similar trends were observed for NOx 
emissions (Figure 6.7 b). Both increase and decrease of NOx emissions for various 
biodiesels and their blends have been reported (Ajav et al. 1999; He et al. 2003; Can 
et al. 2004; Kwanchareon et al. 2007; Lapuerta et al. 2008),with most studies 
showing increased NOx emissions from biodiesels. 
 
Thermal NOx formation of biodiesels could be the result of lower cetane numbers 
increasing ignition delay, resulting in an increased rate of premixed combustion and 
peak heat release (Bodisco et al. 2013; Pinzi et al. 2013). In addition, adiabatic flame 
temperature increases with the increase in biodiesel carbon chain length, also 
favouring NOx formation (Pinzi et al. 2013). Furthermore, biodiesels contain 
oxygen, which improves combustion and subsequently raises the in-cylinder 
temperature, thereby enhancing NOx formation (Ajav et al. 1998; Challen and 
Baranescu 1999; An et al. 2012). In Figure 6.7 (a) and (b) the NOx emission of 
D80A20 and D80WCO20 is almost similar in all BMEP with a small increase 
compared to that of D100. However, D90A10 has a lower NOx emission than that of 
D100 at low BMEPs and is comparable at higher BMEPs. These results suggest 
thata relatively low cetane number, longer carbon chain length and the oxygen 
content of microalgae biodiesel could be responsible, for there are higher NOx 
emissions than the reference petroleum diesel only when biomass-derived FAME 
content is beyond a threshold >20% blends.. 
M.A.  Islam (2014) PhD Thesis- Microalgae biodiesel for the compression ignition (CI) engine 
167 | P a g e  
 
Figure 6.7: Correlation between exhaust emission (a) nitric oxide NO (b) nitrogen 
oxide NOx and brake mean effective pressure (BMEP) for petroleum diesel and 
biodiesel blends.  
6.3.7. Impact of biodiesel blends on hydrocarbon (HC) emission 
An inability to reach the ignition temperature of fuel to be oxidised or a lack of 
oxygen have been reported for the presence of UHC in the exhaust gases (Peterson 
and Hustrulid 1998).The oxygen content in biodiesel has been shown to pre-oxidise 
the air fuel mixture leading to a reduction of UHC emissions (Behçet 2011). 
Furthermore, an inverse correlation between chain length and UHC emissions has 
been demonstrated (Knothe et al. 2005). UHC emissions of tested microalgae methyl 
ester/petroleum diesel blends were significantly lower, compared to petroleum diesel 
D100 and D80WCO20, as shown in Figure 6.8. At low BMEP, UHC emissions of 
D90A10 were 64% lower compared to D100. At maximum BMEP, a 47% reduction 
in UHC emissions was observed. Due to experimental error, D50A50 blend data are 
missing in this analysis. On the other hand, UHC emission profiles of the waste 
cooking oil methyl ester/petroleum diesel blend D80WCO20 followed almost the 
same trend as petroleum diesel D100. The ~68% content of very long chain fatty 
acids 22:5 and 22:6 (DHA) of the microalgae methyl ester could be a possible 
explanation for the observed lower UHC emissions of the microalgal biodiesel 
blends, however, the higher UHC emissions of the 20% blend compared to the 10% 
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blend is inconsistent with this explanation. Likewise, oxygen content is an 
unreasonable explanation for the same reason and more importantly because of the 
almost identical UHC emissions of the D80WCO20 blend, compared to D100. 
 
Figure 6.8: Correlation between unburned hydrocarbon (UHC) emission and brake 
mean effective pressure for a test engine operated with petroleum diesel and 
biodiesel blends 
6.4. Conclusion 
In this experimental study, microalgae biodiesel blends were used in a modern diesel 
engine and compared with another biodiesel blend, made from waste cooking oil and 
petroleum diesel. The following major conclusions can be drawn. 
 
The physical and chemical properties of microalgae fatty acid methyl esters 
(microalgae biodiesel (B100)) were within biodiesel standards ASTM 6751-12 and 
EN 14214, except for the cetane number. However, the performance of the 
microalgae oil methyl ester is comparable with other microalgae oil methyl esters 
with fuel properties within the biofuel standard. 
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Microalgae methyl ester blends generate slightly lower cylinder pressures when 
compared with petroleum diesel, and pressure rise rate was increased. The indicated 
mean effective pressure and brake mean effective pressure were also slightly 
reduced with the microalgae methyl ester/petroleum diesel blends, especially at 75% 
engine load, potentially due to lower calorific value and higher viscosity, but 
frictional losses were reduced potentially due to higher viscosity of the blends. 
The brake-specific fuel consumption of microalgae biodiesel methyl ester blend 
D50A50 increased 9.3%, compared to that of D100. This reduction is due to the 
11% less calorific value of pure microalgae methyl ester than petroleum diesel. Due 
to higher fuel consumption, the brake thermal efficiency of all biodiesel blends was 
reduced. 
 
The heat release rate represents the net energy released as heat during combustion. 
As such, it is a critical parameter to evaluate the suitability of a fuel for use in an 
internal combustion engine.  Most of the tested biodiesel blends were not 
significantly different to petroleum diesel. An exception was the waste cooking oil 
blend, which was slightly higher at full load 
 
Biodiesel blends have significant variations compared to petroleum diesel with 
regard to gaseous emissions. Increases in NO, and NOx emissions compared to 
petroleum diesel were observed for all biodiesel blends. However, UHC emissions 
were greatly reduced for microalgae biodiesel blends, whereas 20% waste cooking 
oil methyl ester/petroleum diesel blends followed the same UHC emission trends as 
petroleum diesel. 
 
The data suggest that despite the highly unsuitable fatty acid profile of the source 
organism, Crypthecodinium cohnii, a 20% microalgal biodiesel blend (D80A20) had 
the closest alignment in performance to petroleum diesel D100 
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Chapter  7.   Conclusion 
Conclusion and Recommendations 
 
7.1.  Conclusion 
The research presented in this thesis aimed to investigate microalgae as a potential 
source of biodiesel with a particular focus on its use in compression ignition engines. 
Despite the great potential of microalgae biodiesel, the downstream process for 
large-scale biodiesel production has not yet been optimised. Moreover, microalgae 
biodiesel performance in compression ignition engines and corresponding emission 
characteristics is not investigated properly due to the lack of availability of biodiesel. 
This research programme has filled a significant gap in the field of microalgal 
biodiesel research. The downstream process of microalgae biodiesel production from 
growth to product has been investigated. A pilot scale extraction of microalgae oil 
enables the production of enough fuel for engine testing. A careful investigation of 
microalgae biodiesel performance in a compression ignition engine and its emission 
characteristics contribute significantly to fill research gaps in this field. 
7.1.1. Species selection 
Species selection is one of the most critical steps in the downstream process of 
microalgae biodiesel production in large-scale. Chapter 3 in this thesis presented 
some methodology to select the species based on their growth condition, lipid 
content, fatty acid composition and fuel properties. Fatty acid composition 
determines the physical and chemical properties of biodiesel, and the amount of total 
fatty acid is a vital factor for commercial biodiesel production. Therefore, both 
should be given priority for the selection of microalgal species for commercial 
biodiesel production. 
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The effect of nutrient provision (cultivation media) and growth phase was also 
evaluated for calculated biodiesel properties and it was established that the growth 
phase affected biodiesel quality immensely, compared to fertilisation (nutrients). 
 
A multi-criteria decision analysis software PROMETHEE-GAIA is utilised to rank 
the species based on their derived fuel properties, growth condition and lipid 
content. The derived biodiesel quality parameters from fatty acid composition  
showed that the cetane number, iodine value, alpha-Linolenic acid (C18:3) and 
double bond limits were the strongest drivers in equal biodiesel parameter-weighted 
PROMETHEE analysis. 
7.1.2. Lipid extraction and biodiesel production 
The process of biodiesel production from microalgae involves harvesting, drying 
and extraction of lipids that are most energy and cost-intensive in the downstream 
processes. There, development of effective large-scale lipid extraction processes, 
which overcome the complexity of microalgae cell structure, is considered one of 
the most vital requirements for commercial production. Although extensive studies 
for microalgae selection and cultivation have been reported in the literature, 
downstream processing efforts for harvesting and lipid extraction and biodiesel 
conversion are relatively limited. Chapter 4 of this thesis investigates the effect of 
moisture content of microalgae biomass and temperature on high pressure extraction 
performance. 
 
The results of this study show that the efficiency of high-pressure solvent extraction 
is strongly influenced by process temperature and sample dryness rather than 
process time. The extraction amount of individual fatty acids, such as Palmitic acid 
C16:0; Stearic acid C18:0; Oleic acid C18:1; Linolenic acid C18:3, changes with 
temperature and moisture content in the sample. Therefore, the fatty acid 
composition can be manipulated using process parameters, and fuel properties can 
be achieved according to the requirement. 
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A pilot-scale lipid extraction from dry microalgae biomass using solvent n-hexane 
and conversion of lipid to biodiesel was also investigated. This process enables the 
production of enough biodiesel for running in an engine, and subsequent 
investigation of performance and emission character of microalgae biodiesel. 
However, the process is still far away from being utilised as a commercial model, 
due to the high cost involved in the sample drying process. 
7.1.3. Fuel property analysis 
The composition of fatty acid esters should be in the proper ratio to ensure fuel 
properties are within international biodiesel standards, such as ASTM 6751 or 
EN 14214. The structural feature of fatty acids including degree of unsaturation, 
percentage of saturated fatty acids and average chain length influences important 
fuel properties. Chapter 5 of this study scrutinises the influence of fatty acid 
composition and individual fatty acids on fuel properties of nine different types of 
biodiesel. Fuel properties were calculated using some methods from the literature 
and measured according to biodiesel standard test methods. A multi-criteria decision 
analysis software, PROMETHEE-GAIA, was used to investigate the influence of 
individual fatty acid to fuel properties. 
 
It is found that the higher the degree of unsaturation, the higher the kinematic 
viscosity and the density. It is also found that the increase of average chain length 
decreases the cetane number. However, microalgae contain some very long chain, 
unsaturated fatty acids, eicosapentaenoic acid (C20:5) and docosahexaenoic acid 
(C22:6), which is why the predicted cetane number was much lower than the 
measured cetane number. Therefore, it can be said that the calculation methods in 
the literature overestimated the effect of long chain, polyunsaturated fatty acid on 
cetane number. 
 
The GAIA plan presented the individual fatty acid influence on fuel properties. It is 
found that the C16:1, C18:1 and C18:2 has the most positive influence on cetane 
number, whereas C20:5 (EPA) and C22:6 (DHA) have the most negative impact on 
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cetane number. Saturated fatty acids, such as C18:0, C12:0 and C14:0, were found to 
have a negative effect on Kinematic viscosity of the biodiesel. 
7.1.4. Engine performance and emission characteristics 
The validation of microalgae biodiesel with engine performance and their emission 
character is extremely limited in the literature, due to the lack of enough amounts of 
biodiesel. Chapter 4 of this thesis presented the pilot-scale extraction of microalgae 
oil and biodiesel production, which enabled the experimental investigation of engine 
performance and emission characteristics. The experimental investigation of 
microalgae methyl ester with engine performance and emission characteristics is 
presented in Chapter 6. 
 
It is found that microalgae methyl ester blends with petroleum diesel (10%, 20% and 
50%), in common rail diesel engine generates almost the same power compare to 
petroleum diesel. However, the brake-specific fuel consumption of microalgae 
methyl ester 50% blend increased, compared with that of petroleum diesel due to the 
lower calorific value. Therefore, due to higher fuel consumption, the brake thermal 
efficiency of all microalgae methyl ester blends is reduced. 
 
Microalgae methyl ester blends have significant variations compared to petroleum 
diesel referring to gaseous emissions. There is a significant increase in CO2, NO, and 
NOx emissions with all blends when compared to petroleum diesel. However, the 
HC emission reduces significantly with microalgae methyl ester blends. After 
investigating all the microalgae methyl ester blends, it was found that a 20% 
microalgae blend with petroleum diesel to show the closest performance to 
petroleum diesel. 
 
 
7.2. Future recommendation/ challenges 
This study offers a practical means for investigating the microalgae biodiesel 
production process and engine performance in a compression ignition engine. This 
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study also presented some experimental analysis of fuel properties and 
PROMETHEE-GAIA model to identify the influence of fatty acid with the fuel 
properties. However, there are still some avenues for future research that have been 
identified and summarised as below: 
1. A suitable protocol, for large-scale lipid extraction from microalgae, needs to be 
developed. The current extraction protocol requires dry biomass before 
extraction, which is expensive and time consuming. Supercritical fluid 
extraction and thermal liquefaction are alternative processes that can extract 
lipid from the biomass containing moisture. Therefore, future development in 
lipid extraction and biodiesel production can be focused on developing a 
suitable protocol that is commercially viable. 
 
2. This research found that existing prediction methods of fuel properties from fatty 
acid composition are mostly used for vegetable oil that does not contain very 
long chains such as C20:5 (EPA) and C22;6 (DHA) fatty acid. Therefore, 
those calculation methods, specifically the cetane calculation method, do not 
work for microalgae biodiesel that normally contains higher amounts of long 
chain, polyunsaturated fatty acids. Hence, there is scope to work further to 
develop some calculation method with a greater range of fatty acid 
compositions. 
 
 
3. The complete mapping of engine performance and emission characteristics with 
microalgae biodiesel is very limited. This research has been investigating 
engine performance with limited scope, due to inadequate amounts of fuel. 
However, there is enormous potential for work to be done to completely map 
microalgae biodiesel performance in a compression ignition engine. 
   
 
 
 
 
Conclusion  Chapter-7 
176 | P a g e  
 
 
 
 
 
 
 
 
 
 
 
 
{This page is intentionally left blank} 
 
 
 
 
 
 
 
 
 
 
Reference list 
177 | P a g e  
 
Reference list 
EN 14214: 2003,"Automotive Fuels-Fatty Acid Methyl Esters (FAME) for Diesel 
Engines- Requirement Methods, " European Committee for Standardization, rue de 
Stassart, 36 B-1050 Brussels, 2008, www.novaol.it. 
Fuel Quality Standards Act 2000,"Fuel Standard (Biodiesel) Determination 2003", 
Federal Register of Legislative Instruments F2009C00146, Canberra, 2009, 
www.comlaw.gov.au. 
ASTM D6751-12, "Standard Specification for Biodiesel Fuel Blend Stock (B100) 
for Middle Distillate Fuels" ASTM- International, West Conshohocken, PA, 
2012,DOI: 10.1520/D6751-12, www.astm.org. 
Agarwal, A. K. (2007). "Biofuels (alcohols and biodiesel) applications as fuels for 
internal combustion engines." Progress in Energy and Combustion Science 33(3): 
233-271,  
Ajav, E., Singh, B. and Bhattacharya, T. (1998). "Performance of a stationary diesel 
engine using vapourized ethanol as supplementary fuel." Biomass and Bioenergy 
15(6): 493-502,  
Ajav, E., Singh, B. and Bhattacharya, T. (1999). "Experimental study of some 
performance parameters of a constant speed stationary diesel engine using ethanol–
diesel blends as fuel." Biomass and Bioenergy 17(4): 357-365,  
Al-Hasan, M. (2003). "Effect of ethanol–unleaded gasoline blends on engine 
performance and exhaust emission." Energy Conversion and Management 44(9): 
1547-1561,  
Al-lwayzy, S. and Yusaf, T. (2013). "Chlorella protothecoides Microalgae as an 
Alternative Fuel for Tractor Diesel Engines." Energies 6(2): 766-783,  
Al-Widyan, M. I. and Al-Muhtaseb, M. t. A. (2010). "Experimental investigation of 
jojoba as a renewable energy source." Energy Conversion and Management 51(8): 
1702-1707,  
Reference list 
178 | P a g e  
 
Alessandro Schönborn a, Nicos Ladommatos a, John Williams b, Robert Allan b, 
John Rogerson b (2009). "The influence of molecular structure of fatty acid 
monoalkyl esters on diesel combustion." Combustion and Flame 156(7): 1396–1412,  
Allen, C., Toulson, E., Tepe, D., Schock, H., Miller, D. and Lee, T. (2013). 
"Characterization of the effect of fatty ester composition on the ignition behavior of 
biodiesel fuel sprays." Fuel 111(0): 659-669,  
Allen, C., Watts, K., Ackman, R. and Pegg, M. (1999). "Predicting the viscosity of 
biodiesel fuels from their fatty acid ester composition." Fuel 78(11): 1319-1326,  
Amin, S. (2009). "Review on biofuel oil and gas production processes from 
microalgae." Energy Conversion and Management 50(7): 1834-1840,  
An, H., Yang, W., Chou, S. and Chua, K. (2012). "Combustion and emissions 
characteristics of diesel engine fueled by biodiesel at partial load conditions." 
Applied Energy 99: 363-371,  
Arbab, M. I., Masjuki, H. H., Varman, M., Kalam, M. A., Imtenan, S. and Sajjad, H. 
(2013). Experimental Investigation of Optimum Blend Ratio of Jatropha, Palm and 
Coconut Based Biodiesel to Improve Fuel Properties, Engine Performance and 
Emission Characteristics, SAE International. 
ASTM D6751-12,Standard Specification for Biodiesel Fuel Blend Stock (B100) for 
Middle Distillate Fuels ASTM- International, West Conshohocken, PA, 2012,DOI: 
10.1520/6751-12, www.astm.org. 
ASTM Standard D6751-12,Standard Specification for Biodiesel Fuel Blend Stock 
(B100) for Middle Distillate Fuels, ASTM International, West Conshohocken, PA, 
2012.,DOI: 10.1520/D6751-12., www.astm.org. 
Aydin, H. and Bayindir, H. (2010). "Performance and emission analysis of 
cottonseed oil methyl ester in a diesel engine." Renewable Energy 35(3): 588-592,  
Ayhan, D. (2008). "Biodiesel: A realistic fuel alternative for diesel engines." ISBN-
13: 9781846289941  
Reference list 
179 | P a g e  
 
Barabás, I. and Todoruţ, I.-A. (2011). "Biodiesel quality, standards and properties." 
Biodiesel-quality, emissions and by-products: 3-28,  
Beer, L. L., Boyd, E. S., Peters, J. W. and Posewitz, M. C. (2009). "Engineering 
algae for biohydrogen and biofuel production." Current Opinion in Biotechnology 
20(3): 264-271,  
Behçet, R. (2011). "Performance and emission study of waste anchovy fish biodiesel 
in a diesel engine." Fuel Processing Technology 92(6): 1187-1194,  
Behzadian, M., Kazemzadeh, R., Albadvi, A. and Aghdasi, M. (2010). 
"PROMETHEE: A comprehensive literature review on methodologies and 
applications." European Journal of Operational Research 200(1): 198-215,  
Belarbi, E.-H., Molina, E. and Chisti, Y. (2000). "RETRACTED: A process for high 
yield and scaleable recovery of high purity eicosapentaenoic acid esters from 
microalgae and fish oil." Process Biochemistry 35(9): 951-969,  
Ben-Amotz, A. (2009). "Bioactive compounds: glycerol production, carotenoid 
production, fatty acids production." The Alga Dunaliella, Biodiversity, Physiology, 
Genomics and Biotechnology. Science Publishers, Enfield, USA 189: 208,  
Bodisco, T. A., Pham, P. X., Islam, A., Brown, R. J., Masri, A. R. and Bockhorn, H. 
(2013). Ignition delay of bio-fuels in a common-rail compression ignition engine. 
Proceedings of the Australian Combustion Symposium. 
Borowitzka, M. A. and Moheimani, N. R. (2013). Algae for Biofuels and Energy, 
Springer. 5,  
Borowitzka, M. A. and Moheimani, N. R. (2013). "Sustainable biofuels from algae." 
Mitigation and Adaptation Strategies for Global Change 18(1): 13-25,  
Brans, J.-P. and Mareschal, B. ( 2005). Promethee Methods. Multiple criteria 
decision analysis: state of the art surveys, Springer New York. 78: 163-186. DOI: 
10.1007/0-387-23081-5_5 
Reference list 
180 | P a g e  
 
Brans, J. P. and Mareschal, B. (1994). "The PROMCALC & GAIA decision support 
system for multicriteria decision aid." Decision Support Systems 12(4-5): 297-310,  
Brennan, L. and Owende, P. (2010). "Biofuels from microalgae--A review of 
technologies for production, processing, and extractions of biofuels and co-
products." Renewable and Sustainable Energy Reviews 14(2): 557-577,  
Brown, M. R. (2002). "Nutritional value and use of microalgae in aquaculture." 
Avances en Nutrición Acuícola VI. Memorias del VI Simposium Internacional de 
Nutrición Acuícola 3: 281-292,  
Buyukkaya, E. (2010). "Effects of biodiesel on a DI diesel engine performance, 
emission and combustion characteristics." Fuel 89(10): 3099-3105,  
Can, Ö., Celikten, I. and Usta, N. (2004). "Effects of ethanol addition on 
performance and emissions of a turbocharged indirect injection Diesel engine 
running at different injection pressures." Energy Conversion and Management 
45(15): 2429-2440,  
Canakci, M. (2007). "Combustion characteristics of a turbocharged DI compression 
ignition engine fueled with petroleum diesel fuels and biodiesel." Bioresource 
Technology 98(6): 1167-1175,  
Canakci, M., Ozsezen, A. N., Arcaklioglu, E. and Erdil, A. (2009). "Prediction of 
performance and exhaust emissions of a diesel engine fueled with biodiesel 
produced from waste frying palm oil." Expert systems with Applications 36(5): 
9268-9280,  
Carvalho, A. P. and Malcata, F. X. (2005). "Preparation of fatty acid methyl esters 
for gas-chromatographic analysis of marine lipids: insight studies." Journal of 
agricultural and food chemistry 53(13): 5049-5059,  
Challen, B. and Baranescu, R. (1999). Diesel engine reference book. Woburn, MA, 
SAE and Butterworth-Heinemann.  
Reference list 
181 | P a g e  
 
Chen, Y.-H., Huang, B.-Y., Chiang, T.-H. and Tang, T.-C. (2012). "Fuel properties 
of microalgae (Chlorella protothecoides) oil biodiesel and its blends with petroleum 
diesel." Fuel 94(0): 270-273,  
Cheng, J., Yu, T., Li, T., Zhou, J. and Cen, K. (2013). "Using wet microalgae for 
direct biodiesel production via microwave irradiation." Bioresource Technology 
131(0): 531-535,  
Chisti, Y. (2007). "Biodiesel from microalgae." Biotechnology Advances 25(3): 
294-306,  
Chisti, Y. (2008). "Biodiesel from microalgae beats bioethanol." Trends in 
Biotechnology 26(3): 126-131,  
Chisti, Y. (2010). "Fuels from microalgae." Biofuels 1(2): 233-235,  
Chisti, Y., Moo-Young, Murray (1986). "Disruption of microbial cells for 
intracellular products." Enzyme and Microbial Technology 8(4): 194-204,  
Cohen, Z., Vonshak, A. and Richmond, A. (1988). "Effect of environmental 
conditions on fatty acid composition of the red alga porphyridium cruentum: 
Correlation to growth rate." Journal of Phycology 24(3): 328-332,  
Fuel Quality Standards Act 2000,Fuel Standard (Biodiesel) Determination 
2003,F2009C00146, ComLaw, Canberra, Australia, 2009, 
http://www.comlaw.gov.au. 
Cooney, M., Young, G. and Nagle, N. (2009). "Extraction of bio‐oils from 
Microalgae." Separation & Purification Reviews 38(4): 291-325,  
Cravotto, G., Boffa, L., Mantegna, S., Perego, P., Avogadro, M. and Cintas, P. 
(2008). "Improved extraction of vegetable oils under high-intensity ultrasound 
and/or microwaves." Ultrasonics Sonochemistry 15(5): 898-902,  
Darzins, A., Pienkos, P. and Edye, L. (2010). "Current status and potential for algal 
biofuels production." Report prepared for the International Energy Agency, 
Bioenergy Task 39: 131,  
Reference list 
182 | P a g e  
 
David, F., Sandra, P. and Wylie, P. L. (2002). "Improving the analysis of fatty acid 
methyl esters using retention time locked methods and retention time databases." 
Agilent Technologies-Application. Agilent Technologies, Palo Alto, CA  
De Angelis, L., Rise, P., Giavarini, F., Galli, C., Bolis, C. and Colombo, M. (2005). 
"Marine macroalgae analyzed by mass spectrometry are rich sources of 
polyunsaturated fatty acids." Journal of Mass Spectrometry 40(12): 1605-1608,  
Demirbas, A. (2005). "Biodiesel production from vegetable oils via catalytic and 
non-catalytic supercritical methanol transesterification methods." Progress in Energy 
and Combustion Science 31(5–6): 466-487,  
Demirbas, A. (2007). "Importance of biodiesel as transportation fuel." Energy Policy 
35(9): 4661-4670,  
Demirbaş, A. (2009). "Production of biodiesel from algae oils." Energy Sources part 
A(31): 163–168,  
Demirbas, A. and Demirbas, M. F. (2010). Algae energy: algae as a new source of 
biodiesel, Springer.  
Demirbas, A. and Fatih Demirbas, M. (2011). "Importance of algae oil as a source of 
biodiesel." Energy conversion and management 52(1): 163-170,  
Demirbas, F. (2009). "Biorefineries for biofuel upgrading: a critical review." 
Applied Energy 86: S151-S161,  
Deng, X., Li, Y. and Fei, X. (2009). "Microalgae: A promising feedstock for 
biodiesel." African Journal of Microbiology Research 3(13): 1008-1014,  
Di, Y., Cheung, C. and Huang, Z. (2009). "Comparison of the effect of biodiesel-
diesel and ethanol-diesel on the gaseous emission of a direct-injection diesel 
engine." Atmospheric Environment 43(17): 2721-2730,  
Dionex ASE 350, Accelerated Solvent Extractor Operator’s Manual, Revision 04, 
Revision 04., Thermo Fisher Scientific Inc, United States, 2011. 
Reference list 
183 | P a g e  
 
Doucha, J. and Lívanský, K. (2008). "Influence of processing parameters on 
disintegration of Chlorella cells in various types of homogenizers." Applied 
Microbiology and Biotechnology 81(3): 431-440,  
Dragone, G., Fernandes, B. D., Vicente, A. A. and Teixeira, J. A. (2010). Third 
generation biofuels from microalgae. Microbiology, Formatex. 2: 1355-1366.  
Drapcho, C. M., Nhuan, N. P. and Walker, T. H. (2008). Biofuels engineering 
process technology, McGraw-Hill New York, NY. 385, DOI: 10.1036/0071487492 
EN 14214,Automotive fuels - Fatty acid methyl esters (FAME) for diesel engines, 
European Committee for Standardisation, rue de Stassart, 36 B-1050 Brussels, 2008, 
www.novaol.it/. 
Espinasse, B., Picolet, G. and Chouraqui, E. (1997). "Negotiation support systems: 
A multi-criteria and multi-agent approach." European Journal of Operational 
Research 103(2): 389-409,  
Esteban, G. F. and Finlay, B. J. (2003). "Cryptic freshwater ciliates in a hypersaline 
lagoon." Protist 154(3): 411-418,  
Fajardo, A. R., Cerdan, L. E., Medina, A. R., Fernández, F. G. A., Moreno, P. A. G. 
and Grima, E. M. (2007). "Lipid extraction from the microalga Phaeodactylum 
tricornutum." European Journal of Lipid Science and Technology 109(2): 120-126,  
Fassinou, W. F., Sako, A., Fofana, A., Koua, K. B. and Toure, S. (2010). "Fatty 
acids composition as a means to estimate the high heating value (HHV) of vegetable 
oils and biodiesel fuels." Energy 35(12): 4949-4954,  
Fazal, M. A., Haseeb, A. S. M. A. and Masjuki, H. H. (2011). "Biodiesel feasibility 
study: An evaluation of material compatibility; performance; emission and engine 
durability." Renewable and Sustainable Energy Reviews 15(2): 1314-1324,  
Fernando, S., Karra, P., Hernandez, R. and Jha, S. K. (2007). "Effect of incompletely 
converted soybean oil on biodiesel quality." Energy 32(5): 844-851,  
Reference list 
184 | P a g e  
 
Fisher, B. C., Marchese, A. J., Volckens, J., Lee, T. and Collett, J. L. (2010). 
"Measurement of gaseous and particulate emissions from algae-based fatty acid 
methyl esters." SAE International Journal of Fuels and Lubricants 3(2): 292-321,  
Folch J, L. M., Stanley GHS (1957). "A simple method for the isolation and 
purification of total lipids from animal tissues." The Journal of Biological Chemistry 
226: 497-509,  
Friedl, A., Padouvas, E., Rotter, H. and Varmuza, K. (2005). "Prediction of heating 
values of biomass fuel from elemental composition." Analytica Chimica Acta 
544(1): 191-198,  
Ganapathy, T., Gakkhar, R. and Murugesan, K. (2011). "Influence of injection 
timing on performance, combustion and emission characteristics of Jatropha 
biodiesel engine." Applied Energy 88(12): 4376-4386,  
Geyer, S., Jacobus, M. and Lestz, S. (1984). "Comparison of diesel engine 
performance and emissions from neat and transesterified vegetable oils." 
Transactions of the ASAE (American Society of Agricultural Engineers) 27(2): 375-
381,  
Gong, Y. and Jiang, M. (2011). "Biodiesel production with microalgae as feedstock: 
from strains to biodiesel." Biotechnology Letters 33(7): 1269-1284,  
Gopinath, A., Puhan, S. and Nagarajan, G. (2009). "Relating the cetane number of 
biodiesel fuels to their fatty acid composition: a critical study." Proceedings of the 
Institution of Mechanical Engineers, Part D: Journal of Automobile Engineering 
223(4): 565-583,  
Gosch, B. J., Magnusson, M., Paul, N. A. and Nys, R. (2012). "Total lipid and fatty 
acid composition of seaweeds for the selection of species for oil‐based biofuel and 
bioproducts." GCB Bioenergy 4(6): 919-930,  
Gouveia, L. and Oliveira, A. (2009). "Microalgae as a raw material for biofuels 
production." Journal of Industrial Microbiology & Biotechnology 36(2): 269-274,  
Reference list 
185 | P a g e  
 
Gouw, T. and Vlugter, J. (1964). "Physical properties of fatty acid methyl esters. I. 
density and molar volume." Journal of the American Oil Chemists' Society 41(2): 
142-145,  
Graboski, M. S. and McCormick, R. L. (1998). "Combustion of fat and vegetable oil 
derived fuels in diesel engines." Progress in Energy and Combustion Science 24(2): 
125-164,  
Greenwell, H., Laurens, L., Shields, R., Lovitt, R. and Flynn, K. (2010). "Placing 
microalgae on the biofuels priority list: a review of the technological challenges." 
Journal of the Royal Society Interface 7(46): 703-726,  
Guckert, J. B. and Cooksey, K. E. (1990). " Try glyceride accumulation and fatty 
acid profile changes in Chlorella (Chlorophyta) during high pH-induced cell cycle 
inhibition." Journal of Phycology 26(1): 72-79,  
Guillard, R. and Hargraves, P. (1993). "Stichochrysis immobilis is a diatom, not a 
chrysophyte." Phycologia 32(3): 234-236,  
Guitouni, A. and Martel, J.-M. (1998). "Tentative guidelines to help choosing an 
appropriate MCDA method." European Journal of Operational Research 109(2): 
501-521,  
Gumus, M., Sayin, C. and Canakci, M. (2012). "The impact of fuel injection 
pressure on the exhaust emissions of a direct injection diesel engine fueled with 
biodiesel–diesel fuel blends." Fuel 95: 486-494,  
Haas, M. J. and Scott, K. M. (2007). "Moisture removal substantially improves the 
efficiency of in situ biodiesel production from soybeans." Journal of the American 
Oil Chemists' Society 84(2): 197-204,  
Haas, M. J., Scott, K. M., Foglia, T. A. and Marmer, W. N. (2007). "The general 
applicability of in situ transesterification for the production of fatty acid esters from 
a variety of feedstocks." Journal of the American Oil Chemists' Society 84(10): 963-
970,  
Reference list 
186 | P a g e  
 
Haas, M. J., Scott, K. M., Marmer, W. N. and Foglia, T. A. (2004). "In situ alkaline 
transesterification: an effective method for the production of fatty acid esters from 
vegetable oils." Journal of the American Oil Chemists' Society 81(1): 83-89,  
Haik, Y., Selim, M. Y. E. and Abdulrehman, T. (2011). "Combustion of algae oil 
methyl ester in an indirect injection diesel engine." Energy 36(3): 1827-1835,  
Halim, R., Danquah, M. K. and Webley, P. A. (2012). "Extraction of oil from 
microalgae for biodiesel production: A review." Biotechnology Advances 30(3): 
709-732,  
Halim, R., Gladman, B., Danquah, M. K. and Webley, P. A. (2011). "Oil extraction 
from microalgae for biodiesel production." Bioresource Technology 102(1): 178-
185,  
Hansen, A., Gratton, M. and Yuan, W. (2006). "Diesel engine performance and 
NOX emissions from oxygenated biofuels and blends with diesel fuel." Transactions 
of the ASABE 49(3): 589-595,  
Haşimoğlu, C., Ciniviz, M., Özsert, İ., İçingür, Y., Parlak, A. and Sahir Salman, M. 
(2008). "Performance characteristics of a low heat rejection diesel engine operating 
with biodiesel." Renewable Energy 33(7): 1709-1715,  
He, B.-Q., Shuai, S.-J., Wang, J.-X. and He, H. (2003). "The effect of ethanol 
blended diesel fuels on emissions from a diesel engine." Atmospheric Environment 
37(35): 4965-4971,  
Heck, S. M., Pritchard, H. O. and Griffiths, J. F. (1998). "Cetane number vs. 
structure in paraffin hydrocarbons." J. Chem. Soc., Faraday Trans. 94(12): 1725-
1727,  
Herrero, M., Cifuentes, A. and Ibanez, E. (2006). "Sub-and supercritical fluid 
extraction of functional ingredients from different natural sources: Plants, food-by-
products, algae and microalgae: A review." Food Chemistry 98(1): 136-148,  
Reference list 
187 | P a g e  
 
Herrero, M., Martín-Álvarez, P. J., Señoráns, F. J., Cifuentes, A. and Ibáñez, E. 
(2005). "Optimization of accelerated solvent extraction of antioxidants from 
Spirulina platensis microalga." Food Chemistry 93(3): 417-423,  
Hoekman, S. K., Broch, A., Robbins, C., Ceniceros, E. and Natarajan, M. (2012). 
"Review of biodiesel composition, properties, and specifications." Renewable and 
Sustainable Energy Reviews 16(1): 143-169,  
Hong, I. K., Jeon, G. S. and Lee, S. B. (2014). "Prediction of biodiesel fuel 
properties from fatty acid alkyl ester." Journal of Industrial and Engineering 
Chemistry 20(4): 2348-2353,  
Hossain, A., Salleh, A., Boyce, A. N., Chowdhury, P. and Naqiuddin, M. (2008). 
"Biodiesel fuel production from algae as renewable energy." American Journal of 
Biochemistry and Biotechnology 4(3): 250-254,  
Hossain, A. K. and Davies, P. A. (2012). "Performance, emission and combustion 
characteristics of an indirect injection (IDI) multi-cylinder compression ignition (CI) 
engine operating on neat Jatropha and Karanj oils preheated by jacket water." 
Biomass and Bioenergy 46: 332-342,  
Hu, J., Du, Z., Li, C. and Min, E. (2005). "Study on the lubrication properties of 
biodiesel as fuel lubricity enhancers." Fuel 84(12): 1601-1606,  
Hu, Q., Sommerfeld, M., Jarvis, E., Ghirardi, M., Posewitz, M., Seibert, M. and 
Darzins, A. (2008). "Microalgal triacylglycerols as feedstocks for biofuel 
production: perspectives and advances." The Plant Journal 54(4): 621-639,  
Huang, G., Chen, F., Wei, D., Zhang, X. and Chen, G. (2010). "Biodiesel production 
by microalgal biotechnology." Applied Energy 87(1): 38-46,  
Huerga, I. R., Zanuttini, M. S., Gross, M. S. and Querini, C. A. (2014). "Biodiesel 
production from Jatropha curcas: Integrated process optimization." Energy 
Conversion and Management 80(0): 1-9,  
Reference list 
188 | P a g e  
 
Huerlimann, R., De Nys, R. and Heimann, K. (2010). "Growth, lipid content, 
productivity, and fatty acid composition of tropical microalgae for scale‐up 
production." Biotechnology and Bioengineering 107(2): 245-257,  
Hulwan, D. B. and Joshi, S. V. (2011). "Performance, emission and combustion 
characteristic of a multicylinder DI diesel engine running on diesel–ethanol–
biodiesel blends of high ethanol content." Applied Energy 88(12): 5042-5055,  
Ibánez González, M., Robles Medina, A., Grima, E. M., Giménez, A. G., Carstens, 
M. and Cerdán, L. E. (1998). "Optimization of fatty acid extraction from 
Phaeodactylum tricornutum UTEX 640 biomass." Journal of the American Oil 
Chemists' Society 75(12): 1735-1740,  
Im, H., Lee, H., Park, M. S., Yang, J.-W. and Lee, J. W. (2014). "Concurrent 
extraction and reaction for the production of biodiesel from wet microalgae." 
Bioresource Technology 152(0): 534-537,  
Islam, M., Magnusson, M., Brown, R., Ayoko, G., Nabi, M. and Heimann, K. 
(2013). "Microalgal species selection for biodiesel production based on fuel 
properties derived from fatty acid profiles." Energies 6(11): 5676-5702,  
Islam, M. A., Ayoko, G. A., Brown, R., Stuart, D. and Heimann, K. (2013). 
"Influence of fatty acid structure on fuel properties of algae derived biodiesel." 
Procedia Engineering 56(0): 591-596,  
Islam, M. A., Brown, R. J., Heimann, K., Von Alvensleben, N., Brooks, P. R., 
Dowell, A. and Eickhoff, W. (2014). Evaluation of a pilot-scale oil extraction from 
microalgae for biodiesel production. International Conference on Environment and 
Renewable Energy. 3: 133-137. 
Islam, M. A., Magnusson, M., Brown, R. J., Ayoko, G. A., Nabi, N. and Heimann, 
K. (2013). "Microalgal species selection for biodiesel production based on fuel 
properties derived from fatty acid profiles." Energies 6: 5676-5702,  
Islam, M. A., Rahman, M. M., Heimann, K., Nabi, M. N., Ristovski, Z. D., Dowell, 
A., Thomas, G., Feng, B., von Alvensleben, N. and Brown, R. J. (2015). 
Reference list 
189 | P a g e  
 
"Combustion analysis of microalgae methyl ester in a common rail direct injection 
diesel engine." Fuel 143(0): 351-360,  
Jahirul, M., Brown, R., Senadeera, W., #039, Hara, I. and Ristovski, Z. (2013). "The 
Use of Artificial Neural Networks for Identifying Sustainable Biodiesel Feedstocks." 
Energies 6(8): 3764-3806,  
Jajoo, B. and Keoti, R. (1997). Evaluation of vegetable oils as supplementary fuels 
for diesel engines. Proceedings of the XV National Conference on IC Engines and 
Combustion, Anna University Chennai. 
Jayed, M., Masjuki, H., Saidur, R., Kalam, M. and Jahirul, M. (2009). 
"Environmental aspects and challenges of oilseed produced biodiesel in Southeast 
Asia." Renewable and Sustainable Energy Reviews 13(9): 2452-2462,  
Johnson, M. B. and Wen, Z. (2009). "Production of biodiesel fuel from the 
microalga Schizochytrium limacinum by direct transesterification of algal biomass." 
Energy & Fuels 23(10): 5179-5183,  
Kalayasiri, P. J., N.Krisnangkura, K. (1996). "Survey of seed oils for use as diesel 
fuels." Journal of the American Oil Chemists' Society 73(4): 471-474,  
Karabektas, M. (2009). "The effects of turbocharger on the performance and exhaust 
emissions of a diesel engine fuelled with biodiesel." Renewable Energy 34(4): 989-
993,  
Keller, M. D., Selvin, R. C., Claus, W. and Guillard, R. R. L. (1987). " Media for the 
culture of oceanic ultraphytoplankton." Journal of Phycology 23: 633:638,  
Klein‐Marcuschamer, D., Turner, C., Allen, M., Gray, P., Dietzgen, R. G., 
Gresshoff, P. M., Hankamer, B., Heimann, K., Scott, P. T. and Stephens, E. (2013). 
"Technoeconomic analysis of renewable aviation fuel from microalgae, Pongamia 
pinnata, and sugarcane." Biofuels, Bioproducts and Biorefining 7(4): 416-428,  
Klopfenstein, W. (1982). "Estimation of cetane index for esters of fatty acids." 
Journal of the American Oil Chemists' Society 59(12): 531-533,  
Reference list 
190 | P a g e  
 
Klopfenstein, W. (1985). "Effect of molecular weights of fatty acid esters on cetane 
numbers as diesel fuels." Journal of the American Oil Chemists' Society 62(6): 
1029-1031,  
Knothe, G. (2005). "Dependence of biodiesel fuel properties on the structure of fatty 
acid alkyl esters." Fuel Processing Technology 86(10): 1059-1070,  
Knothe, G. (2008). "“Designer” biodiesel: optimizing fatty ester composition to 
improve fuel properties." Energy & Fuels 22(2): 1358-1364,  
Knothe, G. (2009). "Improving biodiesel fuel properties by modifying fatty ester 
composition." Energy Environ. Sci. 2(7): 759-766,  
Knothe, G., Matheaus, A. C. and Ryan III, T. W. (2003). "Cetane numbers of 
branched and straight-chain fatty esters determined in an ignition quality tester." 
Fuel 82(8): 971-975,  
Knothe, G., Sharp, C. A. and Ryan, T. W. (2005). "Exhaust emissions of biodiesel, 
petrodiesel, neat methyl esters, and alkanes in a new technology engine." Energy & 
Fuels 20(1): 403-408,  
Kousoulidou, M., Fontaras, G., Ntziachristos, L. and Samaras, Z. (2010). "Biodiesel 
blend effects on common-rail diesel combustion and emissions." Fuel 89(11): 3442-
3449,  
Krisnangkura, K. (1986). "A simple method for estimation of cetane index of 
vegetable oil methyl esters." Journal of the American Oil Chemists Society 63(4): 
552-553,  
Krisnangkura, K. (1986). "A simple method for estimation of cetane index of 
vegetable oil methyl esters." Journal of the American Oil Chemists Society 63(4): 
552-553,  
Kumar Tiwari, A., Kumar, A. and Raheman, H. (2007). "Biodiesel production from 
jatropha oil (Jatropha curcas) with high free fatty acids: An optimized process." 
Biomass and Bioenergy 31(8): 569-575,  
Reference list 
191 | P a g e  
 
Kuronen, M., Mikkonen, S., Aakko, P. and Murtonen, T. (2007). "Hydrotreated 
vegetable oil as fuel for heavy duty diesel engines." SAE technical paper 2007: 01-
4031,  
Kwanchareon, P., Luengnaruemitchai, A. and Jai-In, S. (2007). "Solubility of a 
diesel–biodiesel–ethanol blend, its fuel properties, and its emission characteristics 
from diesel engine." Fuel 86(7): 1053-1061,  
Lang, I., Hodac, L., Friedl, t. and Feussner, I. (2011). "Fatty acid profiles and their 
distribution patterns in microalgae: a comprehensive analysis of more than 2000 
strains from the SAG culture collection." BMC Plant Biol. 11: 124-140,  
Lapuerta, M., Armas, O. and Herreros, J. M. (2008). "Emissions from a diesel–
bioethanol blend in an automotive diesel engine." Fuel 87(1): 25-31,  
Lapuerta, M., Rodríguez-Fernández, J. and De Mora, E. F. (2009). "Correlation for 
the estimation of the cetane number of biodiesel fuels and implications on the iodine 
number." Energy Policy 37(11): 4337-4344,  
Lebedevas, S. and Vaicekauskas, A. (2006). "Research into the application of 
biodiesel in the transport sector of Lithuania." Transport 21(2): 80-87,  
Liang, Y., Sarkany, N. and Cui, Y. (2009). "Biomass and lipid productivities of 
Chlorella vulgaris under autotrophic, heterotrophic and mixotrophic growth 
conditions." Biotechnology Letters 31(7): 1043-1049,  
Liew, K., Seng, C. and Oh, L. (1992). "Viscosities and densities of the methyl esters 
of some n-alkanoic acids." Journal of the American Oil Chemists' Society 69(2): 
155-158,  
Lin, L., Cunshan, Z., Vittayapadung, S., Xiangqian, S. and Mingdong, D. (2011). 
"Opportunities and challenges for biodiesel fuel." Applied Energy 88(4): 1020-1031,  
Macor, A., Avella, F. and Faedo, D. (2011). "Effects of 30% v/v biodiesel/diesel fuel 
blend on regulated and unregulated pollutant emissions from diesel engines." 
Applied Energy 88(12): 4989-5001,  
Reference list 
192 | P a g e  
 
Makarevičienė, V., Lebedevas, S., Rapalis, P., Gumbyte, M., Skorupskaite, V. and 
Žaglinskis, J. (2014). "Performance and emission characteristics of diesel fuel 
containing microalgae oil methyl esters." Fuel 120(0): 233-239,  
Mareschal, B. and Brans, J. P. (1988). "Geometrical representations for MCDA." 
European Journal of Operational Research 34(1): 69-77,  
Markley, K. S. and Markley, K. S. (1964). Fatty acids, Interscience Publishers New 
York.  
Mata, T. M., Martins, A. A. and Caetano, N. (2010). "Microalgae for biodiesel 
production and other applications: A review." Renewable and Sustainable Energy 
Reviews 14(1): 217-232,  
McCormick, R. L., Graboski, M. S., Alleman, T. L., Herring, A. M. and Tyson, K. 
S. (2001). "Impact of biodiesel source material and chemical structure on emissions 
of criteria pollutants from a heavy-duty engine." Environmental Science & 
Technology 35(9): 1742-1747,  
Medina, A. R., Grima, E. M., Giménez, A. G. and Gonzalez, M. (1998). 
"Downstream processing of algal polyunsaturated fatty acids." Biotechnology 
Advances 16(3): 517-580,  
Mercer, P. and Armenta, R. E. (2011). "Developments in oil extraction from 
microalgae." European Journal of Lipid Science and Technology 113(5): 539-547,  
Milledge, J. and Heaven, S. (2013). "A review of the harvesting of micro-algae for 
biofuel production." Reviews in Environmental Science and Biotechnology 12(2): 
165-178,  
Mittelbach, M. and Remschmidt, C. (2004). Biodiesel: the comprehensive 
handbook, Martin Mittelbach.  
Molina Grima, E., Belarbi, E. H., Acien Fernandez, F., Robles Medina, A. and 
Chisti, Y. (2003). "Recovery of microalgal biomass and metabolites: process options 
and economics." Biotechnology Advances 20(7): 491-515,  
Reference list 
193 | P a g e  
 
Monyem, A., Van Gerpen, J. and Canakcl, M. (2001). "The effect of timing and 
oxidation on emissions from biodiesel–fueled engines." Carbon 198(86.23): 
291.296,  
Moser, B. R. (2014). "Impact of fatty ester composition on low temperature 
properties of biodiesel–petroleum diesel blends." Fuel 115(0): 500-506,  
Muralidharan, K. and Vasudevan, D. (2011). "Performance, emission and 
combustion characteristics of a variable compression ratio engine using methyl 
esters of waste cooking oil and diesel blends." Applied Energy 88(11): 3959-3968,  
Murillo, S., Míguez, J. L., Porteiro, J., Granada, E. and Morán, J. C. (2007). 
"Performance and exhaust emissions in the use of biodiesel in outboard diesel 
engines." Fuel 86(12–13): 1765-1771,  
Nabi, M. N., Rahman, M. M. and Akhter, M. S. (2009). "Biodiesel from cotton seed 
oil and its effect on engine performance and exhaust emissions." Applied Thermal 
Engineering 29(11–12): 2265-2270,  
Nascimento, I. A., Marques, S. S. I., Cabanelas, I. T. D., Pereira, S. A., Druzian, J. 
I., de Souza, C. O., Vich, D. V., de Carvalho, G. C. and Nascimento, M. A. (2013). 
Screening microalgae strains for biodiesel production: lipid productivity and 
estimation of fuel quality based on fatty acids profiles as selective criteria. 
Bioenergy Research. 6: 1-13. 
Ng, J.-H., Ng, H. K. and Gan, S. (2011). "Engine-out characterisation using speed–
load mapping and reduced test cycle for a light-duty diesel engine fuelled with 
biodiesel blends." Fuel 90(8): 2700-2709,  
Ng, J.-H., Ng, H. K. and Gan, S. (2012). "Characterisation of engine-out responses 
from a light-duty diesel engine fuelled with palm methyl ester (PME)." Applied 
Energy 90(1): 58-67,  
Nodar, M. D., Gómez, A. M. and de la Ossa, E. M. (2002). "Characterisation and 
process development of supercritical fluid extraction of soybean oil." Food Science 
and Technology International 8(6): 337-342,  
Reference list 
194 | P a g e  
 
Olaizola, M. (2003). "Commercial development of microalgal biotechnology: from 
the test tube to the marketplace." Biomolecular Engineering 20(4–6): 459-466,  
Olmstead, I. L. D., Hill, D. R. A., Dias, D. A., Jayasinghe, N. S., Callahan, D. L., 
Kentish, S. E., Scales, P. J. and Martin, G. J. O. (2013). "A quantitative analysis of 
microalgal lipids for optimization of biodiesel and omega-3 production." 
Biotechnology and Bioengineering 110(8): 2096-2104,  
Oncel, S. S. (2013). "Microalgae for a macroenergy world." Renewable and 
Sustainable Energy Reviews 26(0): 241-264,  
Öner, C. and Altun, Ş. (2009). "Biodiesel production from inedible animal tallow 
and an experimental investigation of its use as alternative fuel in a direct injection 
diesel engine." Applied Energy 86(10): 2114-2120,  
Özener, O., Yüksek, L., Ergenç, A. T. and Özkan, M. (2014). "Effects of soybean 
biodiesel on a DI diesel engine performance, emission and combustion 
characteristics." Fuel 115(0): 875-883,  
Pande, S. G. and Hardy, D. R. (1989). "Cetane number predictions of a trial index 
based on compositional analysis." Energy & Fuels 3(3): 308-312,  
Park, J.-Y., Kim, D.-K., Lee, J.-P., Park, S.-C., Kim, Y.-J. and Lee, J.-S. (2008). 
"Blending effects of biodiesels on oxidation stability and low temperature flow 
properties." Bioresource Technology 99(5): 1196-1203,  
Patel, J. S., Kumar, N., Deep, A., Sharma, A. and Gupta, D. (2014). "Evaluation of 
emission characteristics of blend of algae oil methyl ester with diesel in a medium 
capacity diesel engine." SAE Technical Papers 1(2014-01-1378)  
Patil, V., Tran, K.-Q. and Giselrød, H. R. (2008). "Towards sustainable production 
of biofuels from microalgae." International Journal of Molecular Sciences 9(7): 
1188-1195,  
Peterson, C. L. and Hustrulid, T. (1998). "Carbon cycle for rapeseed oil biodiesel 
fuels." Biomass and Bioenergy 14(2): 91-101,  
Reference list 
195 | P a g e  
 
Pham, P., Bodisco, T., Stevanovic, S., Rahman, M., Wang, H., Ristovski, Z., Brown, 
R. and Masri, A. (2013). "Engine Performance Characteristics for Biodiesels of 
Different Degrees of Saturation and Carbon Chain Lengths." SAE International 
Journal of Fuels and Lubricants 6(1): 188-198,  
Pinzi, S., Rounce, P., Herreros, J. M., Tsolakis, A. and Pilar Dorado, M. (2013). 
"The effect of biodiesel fatty acid composition on combustion and diesel engine 
exhaust emissions." Fuel 104(0): 170-182,  
Pohl, P. and Zurheide, F. (1979). "Fatty acids and lipids of marine algae and the 
control of their biosynthesis by environmental factors." Marine algae in 
pharmaceutical science 2: 433-523,  
Pragya, N., Pandey, K. K. and Sahoo, P. (2013). "A review on harvesting, oil 
extraction and biofuels production technologies from microalgae." Renewable and 
Sustainable Energy Reviews 24: 159-171,  
Pratas, M. J., Freitas, S., Oliveira, M. B., Monteiro, S. l. C., Lima, A. S. and 
Coutinho, J. o. A. (2010). "Densities and viscosities of fatty acid methyl and ethyl 
esters." Journal of Chemical & Engineering Data 55(9): 3983-3990,  
Qi, D., Chen, H., Geng, L. and Bian, Y. (2011). "Effect of diethyl ether and ethanol 
additives on the combustion and emission characteristics of biodiesel-diesel blended 
fuel engine." Renewable Energy 36(4): 1252-1258,  
Raheman, H. and Ghadge, S. V. (2007). "Performance of compression ignition 
engine with mahua (Madhuca indica) biodiesel." Fuel 86(16): 2568-2573,  
Rahman, M. M., Pourkhesalian, A. M., Jahirul, M. I., Stevanovic, S., Pham, P. X., 
Wang, H., Masri, A. R., Brown, R. J. and Ristovski, Z. D. (2014). "Particle 
emissions from biodiesels with different physical properties and chemical 
composition." Fuel 134(0): 201-208,  
Rajasekar, E., Murugesan, A., Subramanian, R. and Nedunchezhian, N. (2010). 
"Review of NOx reduction technologies in CI engines fuelled with oxygenated 
biomass fuels." Renewable and Sustainable Energy Reviews 14(7): 2113-2121,  
Reference list 
196 | P a g e  
 
Ramadan, M. F., Asker, M. M. S. and Ibrahim, Z. K. (2008). "Functional bioactive 
compounds and biological activities of Spirulina platensis lipids." Czech Journal of 
Food Sciences 26(3): 211-222,  
Ramadhas, A. S., Muraleedharan, C. and Jayaraj, S. (2005). "Performance and 
emission evaluation of a diesel engine fueled with methyl esters of rubber seed oil." 
Renewable Energy 30(12): 1789-1800,  
Ramírez-Verduzco, L. F., Rodríguez-Rodríguez, J. E. and Jaramillo-Jacob, A. d. R. 
(2012). "Predicting cetane number, kinematic viscosity, density and higher heating 
value of biodiesel from its fatty acid methyl ester composition." Fuel 91(1): 102-
111,  
Ramos, M. J., Fernandez, C. M., Casas, A., Rodriguez, L. and Perez, A. (2009). 
"Influence of fatty acid composition of raw materials on biodiesel properties." 
Bioresource Technology 100(1): 261-268,  
Rantanen, L., Linnaila, R. and Aakko, P. (2005). "NExBTL- biodiesel fuel of the 
second generation." SAE Technical Paper Series 2005-01-3771  
Rawat, I., Ranjith Kumar, R., Mutanda, T. and Bux, F. (2012). "Biodiesel from 
microalgae: A critical evaluation from laboratory to large scale production." Applied 
Energy 103(0): 444-467,  
Richter, B. E., Jones, B. A., Ezzell, J. L., Porter, N. L., Avdalovic, N. and Pohl, C. 
(1996). "Accelerated solvent extraction: a technique for sample preparation." 
Analytical Chemistry 68(6): 1033-1039,  
Rinaldini, C., Mattarelli, E., Magri, M., and Beraldi, M. (2014). "Experimental 
investigation on biodiesel from microalgae as fuel for diesel engines." SAE 
Technical Paper 1(2014-01-1386)  
Rodriguez-Ruiz, J., Belarbi, E. H., Sanchez, J. L. G. and Alonso, D. L. (1998). 
"Rapid simultaneous lipid extraction and transesterification for fatty acid analyses." 
Biotechnology Techniques 12(9): 689-691,  
Reference list 
197 | P a g e  
 
Romanik, G., Gilgenast, E., Przyjazny, A. and Kamiński, M. (2007). "Techniques of 
preparing plant material for chromatographic separation and analysis." Journal of 
Biochemical and Biophysical Methods 70(2): 253-261,  
Rosillo-Calle, F., Thrän, D., Seiffert, M.,Teelucksingh, S. ( 2012). The  potential roll 
of biofuels in commercial air transport-biojetfuel. IEA Bioenergy Task 40 
Sustainable International Bioenergy Trade  
Sahoo, P. K., Das, L. M., Babu, M. K. G., Arora, P., Singh, V. P., Kumar, N. R. and 
Varyani, T. S. (2009). "Comparative evaluation of performance and emission 
characteristics of jatropha, karanja and polanga based biodiesel as fuel in a tractor 
engine." Fuel 88(9): 1698-1707,  
Sajilata, M., Singhal, R. S. and Kamat, M. Y. (2008). "Supercritical CO2 extraction 
of c-linolenic acid (GLA) from Spirulina platensis ARM 740 using response surface 
methodology." Journal of Food Engineering 84(2): 321-326,  
Schenk, P. M., Thomas-Hall, S. R., Stephens, E., Marx, U. C., Mussgnug, J. H., 
Posten, C., Kruse, O. and Hankamer, B. (2008). "Second generation biofuels: high-
efficiency microalgae for biodiesel production." Bioenergy Research 1(1): 20-43,  
Shah, A. N., Ge, Y., Tan, J., Liu, Z., He, C. and Zeng, T. (2012). "Characterization 
of polycyclic aromatic hydrocarbon emissions from diesel engine retrofitted with 
selective catalytic reduction and continuously regenerating trap." Journal of 
Environmental Sciences 24(8): 1449-1456,  
Shahidi, F. (2006). Nutraceutical and specialty lipids and their co-products, CRC 
Press.  
Shay, E. G. (1993). "Diesel fuel from vegetable oils: status and opportunities." 
Biomass and Bioenergy 4(4): 227-242,  
Sheehan, J., Dunahay, T., Benemann, J. and Roessler, P. (1998). "A look back at the 
US department of energy's aquatic species." Close-Out Report National Renewable 
Energy Laboratory, US Department of Energy's Office of Fuels Development, 
Golden, Colorado, USA  
Reference list 
198 | P a g e  
 
Shin, H.-Y., Ryu, J.-H., Bae, S.-Y., Crofcheck, C. and Crocker, M. (2014). "Lipid 
extraction from Scenedesmus sp. microalgae for biodiesel production using hot 
compressed hexane." Fuel 130(0): 66-69,  
Siaut, M., Cuiné, S., Cagnon, C., Fessler, B., Nguyen, M., Carrier, P., Beyly, A., 
Beisson, F., Triantaphylidès, C. and Li-Beisson, Y. (2011). "Oil accumulation in the 
model green alga Chlamydomonas reinhardtii: characterization, variability between 
common laboratory strains and relationship with starch reserves." BMC 
biotechnology 11(1): 7,  
Sing, S. F., Isdepsky, A., Borowitzka, M. A. and Moheimani, N. R. (2013). 
"Production of biofuels from microalgae." Mitigation and Adaptation Strategies for 
Global Change 18(1): 47-72,  
Singh, N. and Dhar, D. (2011). "Microalgae as second generation biofuel. A 
review." Agronomy for Sustainable Development 31(4): 605-629,  
Singh, S. and Singh, D. (2010). "Biodiesel production through the use of different 
sources and characterization of oils and their esters as the substitute of diesel: a 
review." Renewable and Sustainable Energy Reviews 14(1): 200-216,  
Sivaramakrishnan, K. and Ravikumar, P. (2011). " Determination of higher heating 
value of biodiesels." International Journal of Engineering Science & Technology 
3(12)  
Somersalo, S., Karunen, P. and Aro, E.-M. (1986). "The acyl lipid composition of 
wheat leaves and moss protonemata using a new, non-carcinogenic extraction 
solvent system." Physiologia Plantarum 68(3): 467-470,  
Song, D., Fu, J. and Shi, D. (2008). "Exploitation of oil-bearing microalgae for 
biodiesel." Chinese Journal of Biotechnology 24(3): 341-348,  
Spitzer, J. and Tustin, J. (2009). Iea bioenergy annual report EXCO:2010:01. IEA 
Headquarters, Paris. 
Srivastava, A. and Prasad, R. (2000). "Triglycerides-based diesel fuels." Renewable 
and Sustainable Energy Reviews 4(2): 111-133,  
Reference list 
199 | P a g e  
 
Taher, H., Al-Zuhair, S., Al-Marzouqi, A. H., Haik, Y. and Farid, M. (2014). 
"Effective extraction of microalgae lipids from wet biomass for biodiesel 
production." Biomass and Bioenergy 66(0): 159-167,  
Talebi, A. F., Mohtashami, S. K., Tabatabaei, M., Tohidfar, M., Bagheri, A., 
Zeinalabedini, M., Hadavand Mirzaei, H., Mirzajanzadeh, M., Malekzadeh 
Shafaroudi, S. and Bakhtiari, S. (2013). "Fatty acids profiling: A selective criterion 
for screening microalgae strains for biodiesel production." Algal Research 2(3): 258-
267,  
Tong, D., Hu, C., Jiang, K. and Li, Y. (2011). "Cetane number prediction of 
biodiesel from the composition of the fatty acid methyl esters." Journal of the 
American Oil Chemists' Society 88(3): 415-423,  
Tüccar, G. and Aydın, K. (2013). "Evaluation of methyl ester of microalgae oil as 
fuel in a diesel engine." Fuel 112(0): 203-207,  
Tüccar, G., Özgür, T. and Aydın, K. (2014). "Effect of diesel–microalgae biodiesel–
butanol blends on performance and emissions of diesel engine." Fuel 132(0): 47-52,  
Um, B.-H. and Kim, Y.-S. (2009). "Review: a chance for Korea to advance algal-
biodiesel technology." Journal of Industrial and Engineering Chemistry 15(1): 1-7,  
Um, B. H. and Kim, Y. S. (2009). "Review: a chance for Korea to advance algal-
biodiesel technology." Journal of Industrial and Engineering Chemistry 15(1): 1-7,  
Usta, N. (2005). "An experimental study on performance and exhaust emissions of a 
diesel engine fuelled with tobacco seed oil methyl ester." Energy Conversion and 
Management 46(15–16): 2373-2386,  
Utlu, Z. and Koçak, M. S. (2008). "The effect of biodiesel fuel obtained from waste 
frying oil on direct injection diesel engine performance and exhaust emissions." 
Renewable Energy 33(8): 1936-1941,  
Van Gerpen, J. (1996). Cetane number testing of biodiesel. Proceedings, Third 
Liquid Fuel Conference: Liquid Fuel and Industrial Products from Renewable 
Resources. 
Reference list 
200 | P a g e  
 
von Alvensleben, N., Stookey, K., Magnusson, M. and Heimann, K. (2013). 
"Salinity Tolerance of Picochlorum atomus and the Use of Salinity for 
Contamination Control by the Freshwater Cyanobacterium Pseudanabaena 
limnetica." PLOS  One 8(5): e63569,  
W. Addy Majewski, H. J. (2013) What is Diesel Fuel. DieselNet 06a,   
Wada, H. and Murata, N. (2004). Membrane Lipids in Cyanobacteria. Lipids in 
Photosynthesis: Structure, Function and Genetics. S. Paul-André and M. Norio, 
Springer Netherlands. 6: 65-81. DOI: 10.1007/0-306-48087-5_4 
Wahidin, S., Idris, A. and Shaleh, S. R. M. (2014). "Rapid biodiesel production 
using wet microalgae via microwave irradiation." Energy Conversion and 
Management 84(0): 227-233,  
Wahlen, B. D., Morgan, M. R., McCurdy, A. T., Willis, R. M., Morgan, M. D., Dye, 
D. J., Bugbee, B., Wood, B. D. and Seefeldt, L. C. (2013). "Biodiesel from 
microalgae, yeast, and bacteria: Engine performance and exhaust emissions." Energy 
and Fuels 27(1): 220-228,  
Wahlen, B. D., Willis, R. M. and Seefeldt, L. C. (2011). "Biodiesel production by 
simultaneous extraction and conversion of total lipids from microalgae, 
cyanobacteria, and wild mixed-cultures." Bioresource Technology 102(3): 2724-
2730,  
Wang, B., Li, Y., Wu, N. and Lan, C. Q. (2008). "CO 2 bio-mitigation using 
microalgae." Applied Microbiology and Biotechnology 79(5): 707-718,  
Wang, L.-b., Yu, H.-y., He, X.-h. and Liu, R.-y. (2012). "Influence of fatty acid 
composition of woody biodiesel plants on the fuel properties." Journal of Fuel 
Chemistry and Technology 40(4): 397-404,  
Wu, F., Wang, J., Chen, W. and Shuai, S. (2009). "A study on emission performance 
of a diesel engine fueled with five typical methyl ester biodiesels." Atmospheric 
Environment 43(7): 1481-1485,  
Reference list 
201 | P a g e  
 
Xin, L., Hong-ying, H. and Yu-ping, Z. (2011). "Growth and lipid accumulation 
properties of a freshwater microalga Scenedesmus sp. under different cultivation 
temperature." Bioresource Technology 102(3): 3098-3102,  
Xue, J., Grift, T. E. and Hansen, A. C. (2011). "Effect of biodiesel on engine 
performances and emissions." Renewable and Sustainable Energy Reviews 15(2): 
1098-1116,  
Yuan, W., Hansen, A. and Zhang, Q. (2009). "Predicting the temperature dependent 
viscosity of biodiesel fuels." Fuel 88(6): 1120-1126,  
Zagonel, G. F., Peralta-Zamora, P. and Ramos, L. P. (2004). "Multivariate 
monitoring of soybean oil ethanolysis by FTIR." Talanta 63(4): 1021-1025,  
Zhu, L., Cheung, C., Zhang, W. and Huang, Z. (2011). "Combustion, performance 
and emission characteristics of a DI diesel engine fueled with ethanol–biodiesel 
blends." Fuel 90(5): 1743-1750,  
Zhu, L., Cheung, C. S., Zhang, W. G. and Huang, Z. (2011). "Combustion, 
performance and emission characteristics of a DI diesel engine fueled with ethanol–
biodiesel blends." Fuel 90: 1743–1750,  
 
 
 
 
 
 
 
 
 
 
 
 
Appendices 
202 | P a g e  
 
Appendices 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendices 
203 | P a g e  
 
 
 
 
 
 
 
 
 
 
 
{This page is intentionally left blank} 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendices 
204 | P a g e  
 
Appendix A: PROMETHEE-GAIA model details 
A.1: Species selection based on fuel properties (Chapter 3) 
The preference functions of criteria (fuel properties) were modelled as Min (i.e., lower values are preferred for good biodiesel) or Max (higher 
values are preferred for good biodiesel) as per Table 3.3 for species selection at Figure 3.2b. 
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A.2:  Ranking Nannochloropsis oculata based of growth media and growth phase (Chapter 3) 
The top ranked species Nannochloropsis oculata ranked based on their growth media and growth phase using the biodiesel characteristics, 
min/max and thresholds as per Table 3.4 and including estimated oxidative stability as (Park et al. 2008), as an additional parameter. 
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Appendix B: Extraction performance and 
FAME profile of Tarong poly culture 
Appendix B.1: Algae to diatomaceous earth (DE) ratios as a 
function of dryness (Chapter 4) 
Sample DBWR Algae: DE Ratio by mass 
Algae DE 
25 % 5 3
50 % 2 1 
75 % 2 1 
100 % 4 1 
 
Appendix B.2: Effect of temperature, sample dryness and 
process time on total lipid yields from the Tarong 
polyculture (Chapter 4) 
Total lipid yield (g·100g-1 dry microalgae)
Extraction method 
Process time 
(min)  
Temperature 
(○C)  Sample DBWR (%) 
25 50 75 100 
ASE (Hexane) 
5  
70 17.5 19.9 24.3 10.4 
80 20.8 22.5 26.3 15.1 
90 24.9 23.1 27.3 14.6 
100 17.6 19.3 25.4 12.6 
110 17.3 22.9 25.9 15.2 
120 25.4 31.3 25.8 14.1 
10  
80 17.0 19.1 24.4 23.0 
100 19.4 22.2 25.4 13.2 
120 22.7 23.8 26.0 21.3 
15  
80 17.6 18.7 23.2 18.1 
100 20.4 23.4 18.8 11.7 
120 21.1 25.4 23.4 20.6 
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Appendix B.3: Dry biomass to water ratio (DBWR) of 
100% and 75% at temperatures from 70-120 ○C for a 
process time of 5 min (Chapter 4) 
FAME 
100% DBWR 75% DBWR 
70 
○C 
80
○C 
90 
○C 
100
○C 
110
○C 
120○
C 
70 
○C 
80 
○C 
90 
○C 
100 
○C 
110 
○C 
120 
○C 
Fatty Acid g. 100 g-1 FAME  
C14:0 0.7 0.7 0.7 0.7 0.7 0.6 0.5 0.6 0.6 0.5 0.4 0.4 
C14:1 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.2 
C15:0 0.8 0.9 1.1 1.1 1.2 1.2 0.6 0.6 0.6 0.6 0.5 0.5 
C15:1 0.2 0.3 0.2 0.3 0.2 0.2 0.2 0.3 0.3 0.3 0.2 0.2 
C16:0 21.7 22. 21.1 20.2 20.8 18.7 16.5 22.3 29.1 27.1 21.4 24.7 
C16:1 (7) 1.0 1.2 1.3 1.3 1.3 1.5 2.0 2.7 2.9 2.7 2.2 2.1 
C16:1 cis 9 0.6 0.6 0.6 0.6 0.7 0.6 0.6 0.8 0.8 0.7 0.6 0.6 
C16:2 (9,12) 0.5 0.5 0.5 0.5 0.4 0.5 0.6 0.5 0.5 0.5 0.5 0.5 
C17:0 0.6 0.7 0.7 0.6 0.6 0.6 0.4 0.5 0.5 0.5 0.5 0.5 
C16:3 (cis 6,9,12) 0.3 0.3 0.3 0.3 0.4 0.3 0.3 0.3 0.4 0.4 0.3 0.3 
C16:3 (7, 10, 13)   2.7 2.6 2.5 2.7 2.5 2.8 3.9 2.9 2.2 2.4 3.1 3.0 
C16:4 (4,7,10,13)  12.1 10. 10.9 11.1 11.0 12.8 12.6 6.8 5.3 6.5 9.6 8.9 
C18:0 5.1 5.1 5.3 4.2 4.7 3.9 2.4 2.5 2.6 2.1 1.7 1.7 
C18:1  (cis) 10.4 11. 11.0 10.5 10.4 9.1 6.6 9.3 10.9 10.5 9.0 8.6 
C18:1  (cis 7 or 8) 1.7 1.6 1.5 1.9 1.5 1.4 1.1 1.7 2.0 1.7 1.4 1.3 
C18:2 (cis, cis- 5.0 5.5 5.2 5.3 5.1 5.4 5.4 6.7 6.5 6.3 6.1 5.9 
C18:3 (all cis 1.0 1.1 1.0 1.0 1.0 1.0 1.1 0.9 0.8 0.8 1.0 0.9 
C 18:3 (all cis - 27.8 26. 27.4 28.1 27.0 29.9 37.3 33.7 28.8 30.6 35.0 33.0 
C18:4 (6,9,12,15)   5.2 5.0 5.2 5.4 5.3 5.4 5.8 3.8 3.0 3.5 4.8 4.5 
C20:2 cis 11,14 0.3 
C 20:4 (all cis - 0.3 
C 20:5  (all cis- 0.9 0.8 1.2 1.8 2.3 2.0 1.3 1.6 0.8 1.2 1.1 1.8 
C22:0 0.7 0.9 0.8 0.9 0.8 0.3 0.5 0.3 0.3 0.2 0.2 
C22:2 0.4 0.5 0.5 0.5 0.7 0.3 0.4 0.4 0.3 0.2 0.2 
C24:0 0.5 0.7 0.6 0.6 0.8 0.6 0.3 0.3 0.4 0.3 0.2 0.2 
 
SFA 30.0 31. 29.5 28.2 29.8 26.5 20.9 27.3 34.2 31.5 24.9 28.2 
MUFA 14.2 15. 15.0 15.0 14.3 13.1 10.7 15.1 17.2 16.1 13.5 12.9 
PUFA 55.8 53. 55.4 56.8 55.9 60.4 68.4 57.6 48.6 52.4 61.6 59.0 
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Appendix B.4: Dry biomass to water ratio of 50% and 25% 
at temperatures from 70-120 ○C for a process time of 5 min 
(Chapter 4) 
FAME 
50% Dry 25% Dry 
70 
○C 
80 
○C 
90 
○C 
100
○C 
110
○C 
120
○C 
70 
○C 
80 
○C 
90 
○C 
100 
○C 
110 
○C 
120 
○C 
Fatty Acid g 100 g-1 FAME  
C14:0 0.7 0.6 0.4 0.5 0.4 0.5 1.2 1.2 1.0 0.9 0.7 0.8 
C14:1 0.2 0.2 0.2 0.2 0.2 0.2 0.9 0.7 0.6 0.5 0.3 0.4 
C15:0 0.8 0.8 0.6 0.8 0.6 0.9 0.7 0.8 0.8 0.8 0.9 1.0 
C15:1 0.3 0.2 0.1 - 0.1 0.2 - - 0.3 0.4 0.1 - 
C16:0 21.8 26. 35.2 28.2 29.5 23.5 33.9 30.8 29.3 41.5 41.0 36.4 
C16:1 (7) 2.3 2.1 2.2 2.3 2.2 2.4 2.2 2.9 3.5 3.3 3.3 3.3 
C16:1 cis 9 0.8 0.7 0.6 0.7 0.6 0.7 1.1 1.1 1.1 1.0 0.9 1.0 
C16:2 (9,12) 0.6 0.5 0.4 0.5 0.4 0.5 0.7 0.6 0.5 0.4 0.4 0.4 
C17:0 0.5 0.5 0.5 0.5 0.5 0.5 0.7 0.7 0.6 0.6 0.6 0.6 
C16:3 (cis 6,9,12) 0.4 0.4 0.3 0.3 0.3 0.4 0.6 0.5 0.4 0.4 0.3 0.4 
C16:3 (7, 10, 13)   2.8 2.2 2.0 2.1 2.4 2.0 1.4 1.5 1.5 0.9 0.9 1.0 
C16:4 (4,7,10,13)  9.2 7.9 6.7 6.9 7.6 7.1 5.3 5.9 6.5 3.5 3.7 3.6 
C18:0 4.3 3.9 2.4 2.5 2.0 2.3 20.2 12.6 7.0 6.4 3.8 3.5 
C18:1  (cis) 8.8 9.3 8.2 9.9 9.0 10.6 4.3 6.7 9.1 8.6 10.1 11.2 
C18:1  (cis 7 or 8) 1.5 1.6 1.6 1.7 1.7 1.6 1.2 1.6 2.4 2.1 2.5 2.9 
C18:2 (cis, cis- 9,12)  6.1 6.1 5.4 6.2 5.9 6.7 3.5 4.8 5.8 4.9 5.4 5.7 
C18:3 (all cis 6,9,12) 1.0 0.9 0.8 0.9 0.9 1.0 0.9 0.9 0.9 0.8 0.7 0.8 
C 18:3 (all cis - 9,12,15)   31.3 30. 27.8 30.0 31.2 32.2 18.2 23.7 25.5 20.5 22.0 22.4 
C18:4 (6,9,12,15)   4.3 3.9 3.6 3.9 4.1 4.1 2.9 3.3 3.2 2.0 2.1 2.2 
C 20:5  (all cis- 0.9 0.8 0.9 0.9 - 1.8 - - - 0.5 - 1.8 
C22:0 0.9 0.7 0.3 0.4 0.3 0.4 - - - - 0.4 0.5 
C22:2 0.7 0.6 0.4 0.2 0.3 - - - - - - 
C24:0 - - - 0.2 0.2 0.2 - - - - - - 
  
SFA 28.9 32. 39.3 33.2 33.5 28.3 56.8 46.0 38.8 50.2 47.3 42.9 
MUFA 13.8 14. 12.9 14.8 13.7 15.8 9.7 12.9 16.9 15.9 17.2 18.7 
PUFA 57.2 53. 47.8 52.1 52.9 56.0 33.5 41.2 44.3 33.9 35.5 38.4 
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Appendix B.5: Dry biomass to water ratio of 100, 75, 50 
and 25 % at temperatures of 80, 100 and 120 ○C for a 
process time of 10 min (Chapter 4) 
FAME 
100C@10 min process 
time 
120C@10 min process 
time 
80C@10 min process time 
100% 
Dry 
75% 
Dry 
50% 
Dry 
25% 
Dry 
100% 
Dry 
75% 
Dry 
50% 
Dry 
25% 
Dry 
100% 
Dry 
75% 
Dry 
50% 
Dry 
25% 
Dry 
Fatty Acid g 100 g-1 FAME  
C14:0 0.7 0.4 0.6 0.5 0.4 0.4 0.4 0.4 0.9 0.9 0.5 0.4 
C14:1 0.4 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.2 0.1 
C15:0 1.5 0.5 0.4 0.9 0.9 0.7 0.7 0.7 1.4 0.9 0.6 0.3 
C15:1 0.3 0.1 0.2 0.1 0.1 0.1 0.1 0.6 0.1 
C16:0 22.7 25.5 31.7 32.8 16.8 21.2 22.1 23.8 49.1 48.4 18.9 21.9 
C16:1 (7) 1.8 2.1 1.2 2.6 1.7 2.1 1.8 1.9 2.8 3.4 1.6 0.8 
C16:1 cis 9 0.8 0.6 3.1 0.7 0.6 0.6 0.5 0.5 1.0 1.0 0.5 2.1 
C16:2 (7,10)  0.3 0.5 
C16:2 (9,12) 0.5 0.3 0.5 0.5 0.5 0.5 0.5 0.4 0.4 0.5 
C17:0 0.7 0.4 0.5 0.5 0.5 0.5 0.5 0.5 0.9 0.8 0.5 0.3 
C16:3 (cis 6,9,12) 0.2 0.3 0.3 0.4 0.4 0.3 0.3 0.6 0.5 0.3 
C16:3 (7, 10, 13)   2.1 2.4 1.3 1.7 3.3 3.1 3.2 3.4 0.8 1.0 4.1 3.7 
C16:4 (4,7,10,13)  10.3 10.0 5.5 5.5 11.7 9.8 11.8 11.0 1.0 1.3 14.7 13.9 
C18:0 4.6 1.5 2.2 2.5 1.2 1.6 1.6 1.5 2.8 2.9 2.4 1.6 
C18:1  (cis) 9.4 7.9 10.2 10.0 9.9 9.8 8.3 8.1 16.5 15.0 7.3 6.6 
C18:1  (cis 7 or 8) 2.0 1.8 2.4 2.0 1.4 1.5 1.2 1.2 3.0 2.7 1.1 1.0 
C18:2 (cis, cis- 4.8 5.0 6.2 6.0 5.9 5.9 5.3 5.3 4.2 4.4 4.9 5.2 
C18:3 (all cis 0.8 0.7 1.1 0.9 0.9 0.9 0.9 0.9 0.4 0.4 0.9 1.1 
C 18:3 (all cis - 31.1 34.6 28.8 26.7 36.3 33.5 33.4 33.2 9.5 11.2 33.5 33.8 
C18:4 (6,9,12,15)   3.7 4.0 2.9 3.5 5.6 4.9 5.4 5.3 0.9 0.8 5.9 6.0 
C20:2 cis 11,14 0.5 0.2 0.2 0.2 0.2 0.2 0.2 0.3 
C 20:5  (all cis- 1.2 0.4 0.9 0.6 1.1 0.7 0.5 2.2 1.3 0.8 0.2 
C22:0 1.1 0.3 0.5 0.4 0.4 0.3 0.3 0.9 0.6 0.3 
C22:2 0.1 0.2 0.2 0.3 0.3 0.3 0.4 0.2 0.2 
C24:0 0.7 0.1 0.5 0.2 0.3 0.2 0.2 0.2 0.5 0.4 0.2 
  
SFA 32.0 28.8 35.9 38.0 20.6 25.2 25.9 27.3 56.5 55.0 23.3 24.5 
MUFA 14.6 12.6 17.0 15.7 13.9 14.3 12.1 11.9 23.6 23.0 10.8 10.7 
PUFA 53.4 58.6 47.1 46.3 65.4 60.4 62.0 60.8 19.9 22.0 65.9 64.8 
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Appendix B.6: Dry biomass to water ratio of 100, 75, 50 
and 25 % at temperatures of 80, 100 and 120 ○C for a 
process time of 15 min (Chapter 4) 
FAME 
100C@15 min process time 
120C@15 min process 
time 
80C@15 min process time 
100% 
Dry 
75% 
Dry 
50% 
Dry 
25% 
Dry 
100% 
Dry 
75% 
Dry 
50% 
Dry 
25% 
Dry 
100% 
Dry 
75% 
Dry 
50% 
Dry 
25% 
Dry 
Fatty Acid g 100 g-1 FAME  
C14:0 0.8 0.4 0.5 0.5 0.5 0.5 0.4 0.4 0.7 0.9 0.4 0.4 
C14:1 0.4 0.2 0.2 0.2 0.1 0.2 0.2 0.1 0.3 0.4 0.1 0.1 
C15:0 1.5 0.5 1.0 0.3 0.3 0.8 0.7 0.7 1.2 1.1 0.6 0.3 
C15:1 0.3 0.1 0.1     0.2 0.1 0.1 0.4   0.1   
C16:0 22.1 26.8 33.3 31.4 19.2 29.6 20.7 25.1 29.2 56.3 21.0 21.3 
C16:1 (7) 1.9 2.1 2.5 1.1 0.9 2.1 1.9 1.9 2.5 3.8 1.7 0.8 
C16:1 cis 9 0.8 0.6 0.7 3.1 2.2 0.6 0.5 0.5 0.9 1.0 0.5 2.1 
C16:2 (7,10)        0.5 0.5             0.5 
C16:2 (9,12) 0.4 0.3 0.3     0.5 0.5 0.5 0.5 0.3 0.5   
C17:0 0.7 0.5 0.6 0.5 0.4 0.6 0.5 0.5 0.7 1.0 0.4 0.3 
C16:3 (cis 6,9,12) 0.4 0.2 0.3     0.3 0.3 0.3 0.5 0.6 0.3   
C16:3 (7, 10, 13)   2.2 2.2 1.2 1.7 3.1 2.5 3.4 3.0 2.0 0.5 3.5 3.8 
C16:4 (4,7,10,13)  9.4 9.7 5.3 5.4 11.5 7.4 11.2 11.1 3.9 0.4 13.4 14.7 
C18:0 3.9 1.6 2.2 1.9 1.2 1.7 1.5 1.7 1.9 3.4 2.0 1.7 
C18:1  (cis) 10.7 8.2 10.6 10.5 9.8 10.0 9.0 8.1 16.5 16.9 7.6 6.5 
C18:1  (cis 7 or 8) 2.3 1.9 2.5 1.7 1.4 1.7 1.3 1.2 2.8 3.2 1.2 1.0 
C18:2 (cis, cis- 9,12)  5.0 4.9 5.7 6.8 6.1 5.5 5.6 5.3 6.4 3.4 5.0 5.1 
C18:3 (all cis 6,9,12) 0.6 0.7 0.7 1.2 1.1 0.8 0.9 0.9 0.7 0.3 0.9 1.2 
C 18:3 (all cis)  30.5 33.6 27.9 28.1 35.2 29.3 34.2 32.3 24.6 5.0 32.8 33.6 
C18:4 (6,9,12,15)   3.2 3.8 2.6 3.8 5.6 3.9 5.4 5.2 2.2 0.4 5.7 6.1 
C20:2 cis 11,14       0.5 0.5 0.2 0.2 0.2     0.2 0.2 
C20:3 (all cis)                       0.2   
C20:4(all cis)                       0.2 0.2 
C20:5(all cis- 1.2 1.2 0.8 0.3 0.3 0.5 0.6 0.5 0.8   1.2 0.2 
C22:0 1.0 0.3 0.5     0.5 0.4 0.4 0.8 0.7 0.3   
C22:2   0.2 0.2 0.3   0.3 0.3           
C24:0 0.5 0.2 0.2 0.4   0.3 0.2 0.2 0.5 0.5 0.2   
                          
SFA 30.5 30.3 38.2 35.1 21.6 33.9 24.4 28.9 34.9 63.8 24.9 24.0 
MUFA 16.4 13.0 16.7 16.5 14.5 14.8 13.0 11.9 23.4 25.3 11.3 10.5 
PUFA 53.0 56.7 45.1 48.4 63.9 51.3 62.6 59.2 41.7 10.9 63.8 65.5 
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Appendix B.7: Effect of temperature, process time DBWR 
on total FAME yields from the Tarong polyculture using 
high-pressure extraction (Chapter 4) 
Total FAME content (mg·g-1 dry weight microalgae (DW)) 
Extraction 
method 
Process 
time (min) 
Temperature 
(°C) 
Sample DBWR 
25% 50% 75% 100% 
ASE (Hexane) 
5  
70 20.47 60.81 95.28 24.61
80 29.01 74.60 81.69 27.3 
90 43.47 106.19 80.13 31.09
100 38.08 75.62 94.16 25.56
110 57.46 106.00 119.28 24.41 
120 53.47 133.33 124.66 28.47
10  80 98.92 100.60 57.14 54.35100 85.71 99.34 133.23 37.55 
120 97.26 120.08 125.39 62.60
15  80 107.49 113.01 47.98 52.20100 92.00 111.21 113.16 38.88 
120 113.87 126.66 82.24 59.42
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Appendix B.8 Figure: Tarong polyculture extracts at 80 °C 
with 15 min process time for DBWRs of 25%, 50%, 75%, 
and 100% from left to right, respectively.(Chapter 4) 
(a) (b) 
Appendix B.9 Figure: Effect of process time and DBWR at 
120 ○C on (a) total lipid yields  (g 100 g-1 DW) and (b) total 
FAME yields (mg g-1 DW) from the Tarong polyculture. 
(Chapter 4)  
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Appendix C: Fuel quality certificate 
Appendix C1: Petroleum diesel quality certificate  
(chapter 6) 
 
 
